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I. INTRODUCTION

Studies of the production of microwave and millimeter wave
radiation from rotating electron beams have been pursued at the
University of Maryland under AFOSR sponsorship since 1978. 1In the -;-:
period 1978-1981, these studies centered around the broadband radiation ‘l"
produced when a rotating electron beam interacts with the TE and/or TM
modes of a smooth cylindrical conducting boundary system. These early
studies led in 1981 to the first demonstration of a new type of coherent
radiation source at microwave and millimeter wave wavelengths with
demonstrable advantages over existing sources, This device, informally
called a Cusp Injected Magnetron or Cusptron by members of our group, —
produces radiation by the resonant interaction of a rotating electron
beam with the modes of a magnetron-type conducting boundary. ':ii

The advantages of this new type of radiation source are best *“;*
understood by comparison to a conventional magnetrom [Fig. 1(a)]. 1In a
magnetron, electrons are thermionically or field emitted from a central Tiﬁ
cathode and accelerated toward a multiresonator anode block. A strong
applied magnetic field prevents the electrons from reaching the anode, ._&

and the resulting mean electron motion is essentially an E x B drift lf?j

around the device. This circulating electron space charge interacts

.‘
resonantly with the modes of the slotted outer conducting houndary, _._1
which acts as a cylindrical slow wave structure. Although efficient 2:2}
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radiators at low frequencies (2-8 GHz), magnetrons suffer from inherent

i 'l limitations, including:

a) The strong applied magnetic field needed to prevent the
electrons from crossing the anode-cathode gap results in a slow
electron circulation velocity, and thus a limit to the
operating frequency (the operating frequency is roughly equal
to the number of resonators times the circulation frequency of

electrons around the device).

b) Since the electric field in a magnetron is a function of
radius, there is considerable velocity shear in the beam,
resulting in multimoding difficulties whenever the number of

slots exceeds 6-8.

c) As electrons lose energy to radiation, they are accelerated by

the applied electric field into the slots, where they strike

the walls, form plasma, and eventually short out the device.
Thus, magnetrons do not perform well in the long pulse or cw

regimes, especially at high power,

d) Since the center conductor of a magnetron is the cathode, the ;f:ﬁ
dimensions of the device are determined more by diode design B

requirements than by wave considerations, NG,
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In a Cusp Injected Magnetron [Figs. 1(b), and 2], a high quality

i l rotating electron beam is produced by injecting a non-rotating hollow
- . beam through a narrow magnetic cusp. The resultant rotating beam
interacts resonantly with the modes of a magnetron-type conducting
l boundary system, a resonance which is driven strongly by the negative
. mass instability. The advantages of such a device are now clear:
E - a) Much lower magnetic fields may be used, since the required
larmor radius is much larger.
i r b) Higher frequency operation should be possible, since the
- circulation velocity of the electrons is now simply rWes 3
value at least twice, and more typically five times, that in a
i . | conventional magnetron. p
c) Since the rotating beam is essentially devoid of velocity
i i shear, operation with higher slot numbers should be possible :""'j
| before multimoding occurs.
; d) Because there are no applied voltages in the interaction ) _"
- ‘— region, electrons move to smaller radii as they lose energy,
' and long pulse or cw operation at high power should be
i .3 possible.
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e) Since the diode has been separated from the interaction region,
| the dimensions of the device are not determined by diode design

considerations.

NDuring the period 1981-1983, experiments were conducted on a large
pulse line accelerator which had originally been constructed to produce
intense rotcating electron rings for collective ion acceleration
experiments. Using rotating beams with typical parameters of 2 MeV, 2
kA, 5 ns, about 15% of the electron beam power was coaverted to
microwave radiatioan at the 12th harmonic of the cyclotron frequency (9.6
GHz) by the interaction of the rotating beam with a 12 slot outer
magnetron boundary. Experiments continue on this facility at the
present time, and during the past grant period we have succeeded in
producing comparable output at the 20th harmonic (16 GHz), and are
currently working on optimizing radiation at the 30th and 40th
harmonics. Extensive theoretical efforts have accompanied this

experimental work at every stage.

In 1983, we also completed construction of a small table-top
experiment designed to demonstrate the feasibility of this concept at
low electron energy and current (20-40 kV, 1 A). During the past grant
period, we have reported efficient production of microwave radiation at 'fﬁ;é
the 6th harmonic {n this device, using applied magnetic fields of only
250 gauss. Experiments on radiation production at the 12th harmonic are

currently in progress.
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The past year has seen real progress in our efforts to understand
u theoretically the physics involved in the radiation production
process. Improved modeiing of both the empty cavity modes and the beam
modes is allowing a more systematic design of experiments, and we have

made progress in understanding mode competition issues.

During the past grant period we have also conducted a brief study

of the radiation production from rotating electron beams interacting )
with a periodic wiggler magnetic field produced by samarium cobalt

magnets interior and exterior to the beam. This work has been conducted

in collaboration with Professor George Bekefi”s group at MIT, and the ‘

initial results of this work (in which radiation has been observed in

the frequency range 100-170 GHz), are very encouraging.

Section II of this report details progress made during the past -

X grant period. A list of publications and presentations resulting from

this work 1s enclosed in Appendix A and recent publications are enclosed

L e
k . in Appendix B, ‘ )
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TI. PROGRESS REPORT

December 1, 1983 to November 30, 1984

A. Experimental Research

l. TImprovements to the Experimental Facilities. During the past

year, the experimental facilities have been enhanced by the completion
of the CUSPTRON low voltage, low curreant, table top experimental
facility, and by the installation of diagnostic equipment on the high
power facility in K-band (18-26 GHz). The latter installation means 3
that we now have dlagnostic equipment in place over the entire range 7-

50 GHz, all of which is available to help diagnose the radiation from

the low power experiment as well. o

2. High Power Experimenis. During the past year, experimental

work on the high power pulse line facility (2 MeV, 2 kA, 5 us), has EE;A
concentrated on the production of radiation at the 20th harmonic of the
electron cyclotron frequeucy (16 GHz). To this end, we have conducted
{mproved measurements of the rotating beam profile as a function of
axial position in the interaction region (Fig. 3). These measurements
have led to the design of an improved 20 slot outer magnetron boundary
system, with a dramatic improvement in radiation production at this
frequency over previously reported designs. In these experiments, about

15% of the injected electron beam power was converted to radiation at 16

GHz, using an applied magnetic fleld of only 1400 gauss (Fig. 4). A
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Figure 4 . Microwave signal in Ku-band(12-18GHz) after passing through
a 36 meter long dispersive line. The 500 Mwatt burst is determinad
to be at a frequency of 15.5 GHz by its arrival time at the detector.

Power at other frequencies is typically down by a factor of at least
30.
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: : paper detailing these new results 1is currently under preparation,
E ll Design and construction of 30 and 40 slot systems is curreantly in rﬁA*
E . progress. N
' - 3. Low Power Experiments—-CUSPTRON. Initial experiments on the N -
F table top experiment, CUSPTRON (20-30 kV, 1 A, 5 us, 100 pps) (Fig. 5) '
have concentrated on demoustrating the feasibility of this concept at
- low electron energy and curreat. Thus, initial experiments were -
designed to operate at the 6th harmonic (about 4 GHz). During the past :'
year, we reported the efficient (over 10%) production of radiation at z:_
r; this frequency using an applied magnetic cusp field of about 250 ?;'~
;f gauss. These results were published in Physics of Fluids Letters, a i
| copy of which is enclosed in Appendix B. Experiments to produce _ :
E I radiation at the 12th harmonic are cutrently in progress. :—_'
:‘ :
N 1, 4. Rotating Beam Free Electron Laser Experiments. 1TIn this work,
conducted on the high power facility in collaboration with Professor —

George Bekefi”s group at MIT, a rotating beam interacts with a periodic
wiggler field produced by samarium cobalt magnets placed interior and
exterior to the beam (Fig. 6). Thus, the device is essentially a
continuously circulating Free Electron Laser, and is expected to produce
radiatfion upshifted in frequency from that of the wiggler wavelength by :;}i
a factor of yz. Initial results of these experiments are that at least
200 kW of radiation was observed in T-band (100-170 GHz) with the
wiggler magnets in place. When the wiggler field was removed, radiation ifi

at these frequencies fell to levels too low to he measured by our
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diagnostic equipment. These results have been reported in a paper

published in Applied Physics Letters, enclosed in Appendix B.

B. Theoretical Research

Over the past year, we have made substantial progress in our
theoretical understanding of the cusp injected-slotted wall (magnetron)
microwave system. One of the main areas of increased understanding
occurred with respect to the importance of initial conditions. This
work will appear in the Ph.D. thesis of Ravi Kulkarni and was presented
at the Fall 1983 APS meeting, The important point of this analysis 1s
the initial shape of the beam front (symmetric or preloaded) and the
system geometry that it is entering. If a nonloaded beam is injected
into a smooth wall, all eigenfunctions of the guide system are necessary
to create the beam front field profile, that is, all 2 harmonics of the
TE and TM modes. However, if the nonloaded beam is injected into a
waveguide with slots on the outer wall, a set of different field
eigenfunctions is present. The dominant eigenfunction is the dc field

and multiples of the number of slots Ng, 2N ese o Thus, a nonloaded

s?
beam injected into Ng slots has a dominant fleld preference for
the zn(Ns) mode. The actual form factor is the familiar sin(x)/x
function,

The second important theoretical contributfion this past year came
in the detailed study of field profile for high frequency generation.

When the number of slots increases to the regime of 20-40, the frequency

regime {s sufficiently high that beam location relative to the slots
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becomes very important. In this regime we are operating on a high
tadial mode number, thus the beam should be located on a peak of the
electric field profile that also happens to couple well to the slot
modes. Since there are many radial peaks, this location becomes
increasingly important. Thus, it is not sufficient to look only at
resonance conditions but also at details of the beam location and
coupling efficiency to the slots. Again this work was presented at the
1983 APS meeting and will appear in Ravi Kulkarni”s Ph.D. thesis. This
work 1is coupled to the linear growth rate analysis that appears in our
most recent published works (see Refs. 15 and 16, Appendix A, and also
enclosed in Appendix B).

Also during the past year we have initiated studies in the

following areas:

l. General formalism of the linear stability of rotating electron

beams in various wall configurations.

2. Analysis of the modes and linear stability in a dielectric

lined waveguide.

Lttt .
[FSIRTOIFLT W W YN




16

APPENDIX A

Publications and Presentations Resulting from this Work
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HIGH POWER MICROWAVE GENERATION FROM ROTATING E-LAYFRS

IN MAGNETRON-TYPE CONDUCTING BOUNDARY SYSTEMS*

C. D. Striffler, W. W. Destler, R. Kulkarni, and R, L. Weller

FElectrical Engineering Department and
Laboratory for Plasma and Fusion Energy Studies
University of Maryland
College Park, HMaryland 20742

Summary d,. We have examined systems {n which the number of

siots is 12 or 20 placed on either the inner or outer

Studies of the production of microwave and walls or both. We present theoretical (Section II)
millimeter wave radiation at high harmonics of the and experimental (Section III) studies of the
relativistic electron cyclotron frequency by the production c¢f radiation in these slotted wall systems.

interaction of a rotating E-layer with a multi-
resonator magnetron boundary system have been
conducted. The interaction of a 2 MeV, 1-2 kA, 5 ns
cusp injected E layer of radius 6 cm with 12, 20, and

40 slot magnerron type waveguldes are studied. ANGLE SLATE o £ aT :w:-.wr_rfwn'curm
Approximately 107 of the injected electron beam power ' ’ LAt CONDUCTING BOUNDARY
is converted to microwaves at 12 _ (10 CHz), 2% at P O A
20 (17 GCHz), and 1% at 40, (3% GHz). We have - L e L e
thebretically examined this svatem via analvzing the - I U -
S A LTI TS .

resonant {nteract{on of a doppler shifted electron lateonE STEw : 1 “,w'_)-;(.‘,‘f\ OO P
beam mode with the modes of the conductine boundary T e NNV e
system, The location of these resonant interactions ) — — ,
in frequency agrees well with the observed spectrum. \uJ—/ L - i

1. Introduction . DUWNSTRE AN (;’Ls S APETIIVE Lng

C:ODE LOLS

The {nterest 1in high power microwave/millimeter
sources in the past few years has resulted from
possible applications 1in such areas as heating of

fusion plasmas, particle accelerators, and
communications. Among these new sources are FIG. 1. Schematic of experimental system.
gyrotrons, free electron lasers, and relativistic
magnetrons. In this paper, we report studies of

another such source In which high power radiation is
generated at high harmonics of the relativistic
electron cyclotron frequency w_ by the resonant
ifnteraction of a fast rotating E-iayer beam mode with
the waveguide modes of a magnetron-type conducting
boundary. This concept was first reported by our
group in 1981 after extensive work on microwav
production in hollow and coaxial boundary systems.
Recent theoretical studies i{indicate that these
rotating beam-slotted wall systems should operate over
a wide range of electron energies and currents and at
frequencies into the millimeter regime. We have also
1n1tiatgd work to explore the low electron energy
regime. The potential of such devices to produce
radiatien near high Tharmonics of the electron
cyclotron frequency makes them especlally attractive
because of the relatively low applied magnetic field

required compared to gyrotrons and magnetrons FIC. 2. Cross section of downstream slotted-wall
operating at the same frequency. cylindrical tube.
In Fig. 1, a schematic of the experimental I1. “odel of Beam-Slotted Waveeutde Interaction
configuration {s shown. A rotating FE-laver s
produced by passing a hollow nonrotating heam through The general dispersion relation describing the TE
a aarrow symmetric magneti{c cusp. The downstream axis mode structure of a slotted wall conductor as shown in
encircling particles propagate along various inner Fig. 2 can be derived by first solving the wave
and/or outer conducting wall structures. The cross- equatfon for H, in the slot spaces and the lnteraction
section of a slotted structure on both the {inside and region [R, ¢ r < Ro - d,, see Fig. 21 separately and
outside walls {s shown in Fig. 2, The outer surface then matching the corresponding tanpential electric
of the inner wall has a radfus R, and the outer wall a and migcnet{c flelds. The resulti{ng cquattons can then
radlus R, The beam nof radius Ry (~ h cm) rotates at be solved by expanding the cigenfunctlons of both
a8 velocity V, ~ c In the replon between the {nner and reglons {n terms of the other and applving Floquet'’s
outer wall, a!'he depth of the slots Is Indicated by Theorem for periodic svstems, The result can  be
calculated {ndependently for each made ¢ of the slot
*Wors supported by the Alr Force Office of Sclentific region. The dispersfon relation for a slotted outer
Research and the University of Maryluand Computer wall and no inner wall ts

Scicnce Center.
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T (KRING (kR ) = I3, (kR IN o (KR )
D, (k) =
2L’ JZT(kR )‘.,(LR R (kR NG (kR )
N a8 X T (kR )
s |1, n" =0l H’X‘V. A
TTIT o2, af 0 m TR B M

whgre,’ = ma’/48, n’ = 0,1,2,..., £ = 2 + N, kP =
w/c” - k R, = R, - dg, 88 1is the’ solid angle
subtended va one slot, NS {s the number of slots,
and £ represents the phase shift from slot to slot of

the fleld profile. We have defined

sin-é.?-(l + 29) ,siH(Z - 1)
Fopo = —r———— + ()" —_—— (2)
1 A—;’(1+!7.’) -2

This dispersion relation includes not only the TEM
slot resonances but the higher order resonances as
well. For the case £ = 0O (constant electric field
across the slot gap) the result reduces to that

obtained by Collins.’ As an example, the mode
structure (kz = 0) for an outer magnetron wall with 12
(%) slots, & =0, d. = 1 cm, and Ry, = 7.5 cm {is

shown in Flig. 3. The dots represent the discrete
magnetron cutoff frequencies and have the same
dependence on k_, as 1in the hollow wavegulde. The
numbered connectfng lines from dot to dot merely serve
to distinguish one radial mode n_ from annther. Also
shown 1s the beam mode w = % w L [ 3R /R for vy = 6,
Ry = 6 cm. Note that the mode structure {s periodic
every £ = 12 (NS) and the relative reduction ig phase
velocity as compared to hollow waveguide modes.”

Ng =12 SLOTS
£ho a0
N /'/ . RN
3 e e~ UN.
12 .7,\./ N e N
e ./. o o .
s L~ .
R I U e i
S o s—an, /
Tell et e AN,
> e P 5
beS /./ O e TN N
z . e
w e / e ~ 4
2 < At -
w 4 ./. /' . ~ 3
E 4 N __.e_uu MODE N\
~ WL -~ .
/'/ °~ . 2
% .
. .
N R T ST

0 2 4 6 8 10 12
L, - HARMONIC NUMBER

FIG. 3. Discrete mode structure for hollow waveguide
with outer magnetron type boundary with parameters R
= 7.5 cmy dg = 1 cm, N, = 12, ¢/ = 0, 58 = W/Ns.
Ream mode line for Y, 6, Ry = 6 cm.

The linear anal‘ysls representing the {nteractlion
of a beam wave with the modes of the waveguide
proceeds by first linearizing the cquations of motion
and then fourier transforming them to wk space. The
equation of continufty 1s then applied to obtain the
perturbed charge and current densities. These are
then substituted {nto 'taxwell’s equations and solved
with the magnetron tvpe houndary conditions. From
this a modifled dispersion relatfon {s  obtalned
deflring the {nteraction of the heam mode with the
waveguide mode. The resulting first order modifiled
dispersion relation for the fundamental mode m = O s

2
LI ] -+ ’
N LBvw (27 - szg) F2, [T (RRy)
D, . (k) - 2 & R . &)
e "y KR JUGRY
o w'i [

a
where v, = w- L w - kvz,v=enu /2m_and n_ (s
the beam surface densitv. This analvsts repreqents an
extension of a planar model studied in Ref. 6.

For the case of resonant {interaction, v, ~0
and Dt ,(k) ~ 0, one can obtain an explicit expression
for the growth rate, Imw = s

9 19 N
“1 st R TRy
V173 2] mw KR ..
wC(Y—Z c |D£2,(kz)|
. 241/3
p2 35 (KR
2L [
X (%)
4 . 2
Jg (lew)
o
where
22’(k)
Du'(kz) =0, ,(k ) _.,. -?k_—

ke l

In Fis. 4, the growth rate as given in Eq. (4) {is
plotted vs. 1 for the svstem parameters used in the
mode structure shown in Fig. 3. The number associated
with each curve represents {nteraction with the same
labeled radial mode as in Fig. 3. Note that resonance
in most cases requires a finite k.. Since the growth
rates for the various modes are ‘épproxlmatelv equal,
we surmisé that the radial fleld profile 1in the
fnteraction space and/or the starting conditlons play
an i{mportant role as to which mode(s) is present. If
we examine Eq. (1) and look for modes (1 = Ng = 12)
that have a substantial field component near the slot,
we see that the mode corresonding to n,. = 6 (9.8 CHz)
or near the zero of J'z(kP\w,) has a fldd profile that
peaks near the outer wall. In this case, we would
expect good coupling between the waveguide and slot.
The other lower radlal mode numbers represent zeros
near I(VR ) which has a field profile that {s more
evenly %d1s¥ributed.

- Ng 42 5L0TS
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~ 3
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b 2 a 6
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FIG. 4. Normalized growth rate for resonant bean-
wavegquide {nteraction {ncluding finite k,. Same
parameters as in Fig. 3.

111, Fxperimental Resulrts

The experimental configuration {s shown {n Fig,
1. Hollow, nonrotating, relativistic electron beams
(2 eV, 20 kA, 30 ns) are cmitted from a clrcular
kn{fe edere carhon cathode. A 0.9 cm wide circular
sli{: aligned with the cathode knife edge allows a
fraction of the electron beam to pass throuch the
marnetic cusp trans{tion reglion where the v, X Rr
force 1n this transition region converts most of the
ax{al particle motion {nto azimuthal motion, The
resulting rotating heam praopagates {n the downstrean
reglon with an axial velocity in the range 0.1-0.3 ¢
and ifnteracts with various canducting boundary
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configurations. The radiation produced is extracted
out the downstream end of the drift chamber as shown
in Fig. 1. The downstream end of the drift chamber is
flared to allow a smooth transition to free space, and
the radiation 1is picked up by receiving horns
connected to X-band (8~12 GHz), Ku band (12-18 GHz),
and Ka band (24-40 GHz) dispersive waveguide lines 36
m in length. These dispersive lines are connected to
calibrated attenuators and calibrated detectors. The
spectrum is determined using standard dispersive line
theory and total power {s computed by multiplying the
power measured at the detector by factors assoclated
with the dialed 1in attenuation, the frequency
dependent attenuation of the dispersive lines, and the
ratio of the total area over which radiation 1is
observed to that of the receiving horn.

The results of these experiments are presented in
Fig. 5. Figures 5(a) and 5(b) show the measured
spectrum for a rotating beam of radius Ry = 6 cm
interacting with an empty circular waveguide of radius
7.5 cm. These results show the characteristic broad
band spectrum associated with this configuration with
power levels of around 200 kW.2 Figures 5(c) through
5(f) show the resulting spectra obtained by inserting
various slotted boundaries into the empty waveguide.
Figure 5(c) shows the radiated power spectrum from the
interaction of the beam with a slotted outer wall and
no inner conductor. The outer conductor radius R, is
7.5 cm and the slot depth d. {s 1 cm. The applied
magnetic field is 1375 G. The number of slots Ng is
12. The large peak observed at 9.6 GHz corresponds to
the expected resonant point near 12wC (fc = 770 MHz)
and represents an lIncrease 1in power over the empty
waveguide case by a factor of 10°. Figure 5(d) shows
the radiated power spectrum for a vrotating beam
interacting with a slotted inner conductor and a
smooth outer boundary. In this case, Ng = 20, R, is
7.5 cm, the inner radius R; is 5.3 cm, and dg is 0.4
em. The applied magnetic field is 1387 G. A dominant
peak at 16 GHz that corresponds approximately to the
20 w_ resonant point 1s seen with an output of 30
MW, cFlgure 5(e) shows the results for a different 20
slot case in which the beam radius Ry, 1is reduced to
5.25 cm and Ry 1s reduced to 4.85 cm, the magnetic
field is set at 1575 G. These new conditions shift
the cyclotron frequency up to 990 MHz which causes the
20 w_resonance to be pushed up to 20 GHz, although
the power fell to about 3 MW. The drop in power by a
factor of 10 for the smaller radius case can best be
explained by referring to Fig. 6. Figure 6 is a plot
of the axial beam current passing through the cusp as
a function of the applied magnetic field. The optimum
operating range for the Ry = 6 cm beam is at 1350-1415
G with a maximum Injected current of about 3 kA. The
optimum operating range of the new 5.25 cm radius beam
is at a field of 1550-1600 G and a current of about 1
kA. 1If it {is presumed that power s proportional to
the square of the beam density and therefore to the
square of the beam current, the factor of 2-3 drop in
the injected current wbuld cause a reduction {a the
rad{ated power by a factor of 4-9.

Figure 5(f) shows the radiated power spectrum for
a rotating beam propagating between Ns = 20 slotted
fnner and outer conductors (180° out of phase). In
this case, R, = 7.5 cm, Ry = 5.0 cm, d, = 0.64 cm, and
The applied magnetic fleld {s 1400 G.

Ry = 6 cm.
Tne analysis of such "gltde symmetric"

oret’cal

"systems’ {ndicate that as the two slotted walls are

broaght closer together, the effective periodlcity of
the system approaches half of that possessed by elther
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slotted wall alone. As can be seen, the radiated
power was largely moved up to 36 GHz, near 40w, . We
are initiating theoretical work on this new concept.
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FIG. 5. Typical single shot power spectra. Smooth
outer wall, no inner wall: (a) X-band, (b) Ka-band.
Slotted wall structures: (c) 12 outer, (d) 20 {inner,
smooth outer, Ry = 6.0 cm, (e) same as (d) except Ry =
5.25 em, (f) 20 tnner/outer. Geometry {s in the text.
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FIG. 6. Axial beam current passing through cusp as a
function of magnetic fleld for Ry = 6.0 cm, R, = 5.25
cm.

References

1. W. W. Destler, R. L. Weiler, and C. D. Striffler,
Appl. Phys. Lett. 38, 570 (1981).

2. W. W, Destler, H. Romero, C. D, Striffler, R. L,
Weiler, and W. Namkung, J. Appl. Phys. 52, 2740
(1981).

3. Y. Y. lLau and L. R. Barnett, Int. J. of Infrared
and Millimeter Waves, 3, 619 (1982) and Int. J. of
Flectronics, Oct. 1982,

4, W. Namkung, W. W. Destler, W Llawson, and C. D.
Striffler, Rull, Am. Phys. Soc. 27, 1062 (1982).

5. G. ®, Collins, '"M{crowave Magnetrons," p. 56,
McGraw HI11, 194R,

6. W. W, Nestler, R. Kulkarni, C. D. Striffler, and
R. L. Weller, J. Appl. Phys.,, (to be published).

7. R, Mittra and S. Lappati, Canadian J. of Phys. 43,

353 (1965).

T




| BEEIETEIR R IRS 2

TS . )

oy

"

L

AT R i A d - LSRR PR v e 3

Microwave generation from rotating electron beams

in magnetron-type waveguides
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The production of high power microwave radiutic

s Uigh tarmcaics of the slectron cyclotron

{requency by the interaction of a rotating electron beam with a magnetron-type conducting
boundary has been studied theoretically and experimentally using a 2-MeV, 1-2-kA, 10-ns
clectron beam pulse. Approximately 10% of the electron beam power has been converted to
microwave radiation at the 12th harmonic, and about 2% at the 20th harmonic. Radiation
characteristics are in good agreement with a theoretical analysis of the resonant interaction of a
beam mode with the modes of the conducting boundary system. Radiation from rotating beams in

*zlide-symmetric’ boundary systems is also reported.

PACS nuinbers: 85.10.Ka
1. INTRODUCTION

The renewed interest in novel high power microwave/
millimeter wave sources in the past few vears has resulted
from possible applications of such sources in such diverse
areas as heating of fusion plasmas, particle accelerators, and
communications. Among these new sources are gyro-
trons.'”" free electron lasers,*> and relativistic magne-
trons,”” In this paper, we report experimental and theoreti-
cal studies of a new type of microwave device in which high
power microwaves are generated at high harmonics of the
electron cyclotron frequency {w,) by the injection of a rotat-
ing, axis encircling, electron layer (E-layer) into a magne-
tron-type conducting boundary configuration. This concept,
first reported by our group in 1981," was derived from pre-
vious experimental and theoretical work on the microwave
production from rotating E-layers in simple cylindrical or
coaxial boundary systems,™'°

The potential of such devices to produce radiation at or
near high harmonics of the electron cyclotron frequency
makes them especially attractive, since they require substan-
tially less applicd magnetic field strength than gyrotrons or
nagnetrons operating at the same frequency. Recent theo-
retical studies,''™'* moreover, indicate that they may be ex-
pected to operate over a wide range of electron energies and
currents and at frequencies into the millimeter regime. In
this paper, we present theoretical and experimental studies
of the production of radiation in such systems at or near 12
w, and 20 w, . In addition, we discuss the results of an experi-
ment in which an E-layerisinjected into a “'glide symmetric™
boundary system designed to produce radiation near the
40th harmonic. A theoretical discussion in which the radi-
ation is modeled as a resonant interaction of a beam mode
with the modes of the conducting boundary system is pre-
sented in Sec. 11 The experimental results are summarized
in See. I and conclusions are drawn in See. [V.

Il. ANALYSIS OF THE INTERACTION OF AN ELECTRON
BEAM WITH A SLOTTED WAVEGUIDE: CARTESIAN
LIMIT (k. = 0)

In our experiment, a thin annular clectron beam rotates
about the axis of a magnetic ticld (8,) slotted wavepuide cy-

4152 J. Appl Phys. 54 (7), July 1983

0021-8979/83/074152-11302.40

lindrical system as shown in Fig. 1{a). The beam's azimuthal
velocity is

R, 8,

myy

V,=Ryw, =

and also has a velocity component along the field V., where
Bi+Bi=V, /el +(V./el =1 = (1/37).

The slotted structure is placed on cither the outer wall, the

inner wall, or both. In order to investigate theoretically the

interaction of the beam with the modes of the guide, we have
considered a cartesian model of the cylindrical system. This

(a)

ROTATING E-BEAM

SMOOTH OUTER
WALL

SLOTTED INNER
waLL

(b)

/ INTERACTION REGION

t ’ -
9=R0-R| Npe Vo /E BEAM
Xy 2
P DaReeRy
yi ¢
R S
. | TSLOT REG
}.ws l dy, —~{ LOT REGION
FIG. | Fxpenimental schematic of inner slotted coantal wasertinde with
Nslotss by Cartesan madel of the evlindrical wasecunde as 4 penedie
planar ssatem of V| slots,
¢ 1983 American Institute of Physics 4152




model is shown in Fig. 1{b). The model and dimensions are so
drawn and labeled as if the slotted wall is interior to the beam
and the exterior wall is smooth. The space where the beam
travels, the “interaction region,” has a width “a”
(= R, — R,) and the slots have a depth ¢, width w , and a
periodicity given by the length d, . The symbol N, repre-
sents the number of the slots in the cylindrical system, that
is, werequire N d = 27R . Thus, in the cartesian analysis.
the system periodicity occurs in a distance V. d . . The beam
is located a distance x,( = R, — R,) from the slots and is
travelling across the slots at a velocity V,,( = V). The coor-
dinate system for analysis is also shown in Fig. 1(b).

A brief comment on the cartesian model is in order be-
cause of the large amount of literature, including our own, '
that analyzed the smooth wall tube in cylindrical coordi-
nates. In the smooth wall case, the analys‘s of mo le structure
and linear stability of the interaction of the rotating electron
beam with the waveguide modes was relatively straightfor-
ward. For smooth walls, cylindrical waveguides are required
in order to have any mode-beam resonarnce. In that case, the
linearized quantities were Fourier decomposed as
expillé + k.z — ot }. The dominant perturbation in that case
was along the beam, and we obtainzd'’

Ru(3|2 e (l['f/rju +‘9;‘Bin) ‘Sts

: : , {1
my, Ui - i
where '//1 =w— /a)( - k: V:()' W, = eb‘,,/m;’,., Bo()
=Ryw./c, vo={1—B2, —B%)""?. When analyzing
resonant interaction ¢, ~0, the above expression can be ap-
proximated by
SE,
wf ,
which represents a *‘negative mass™ effect. However, if the
above analysis is taken to the cartesian limit,
V,o = Rzw, = constant, R,— o, By—0, Eq. (1} becomes
- e 1 (SE,

Ry~
o myo Yso Vi

now representing a ‘*positive mass.” Below, we will derive an
expression identical to Eq. (3). With respect to the analysis at
hand where we are looking for resonant interaction of a

= 4
rodi=— —~B% (2)
myy

, 3)

w . - — A, K, sinK,dcos[B. v +w,/2)], —w/2<y<w/2
A K, sin(K, ale " = (6)
n= - m 0' wx/2<lyl<d.\'l/2v
and for H,, i
Y A, cosK,ale” PV =4, coslK, d, jeos[B. (v + w,/2)]], —w,/2<y<w,/2. (7
|
The dispersion relation w(f3,) is determined by multiplying 1 if =0
Eq. (6) by the cigenfunctions in the interaction region, ¢>,  DrlwBi)= 172 if n'#0
and integrating from — d /2tod, /2 and multiplying Eq. - e
X .‘ v, ' cotik, d,) = cotlN, al
{7) by the eigenfunctions in the slot region, X — S ————F,, =08
cos[f3, (y + w,/2)], and integrating from — w,/2 to w,/2. K, w, » T Kody
The dispersion relation for the empty waveguide'* becomes where
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beam wave with a waveguide mode. the sign of the mass term
is not important, since the equation is cubic versus quadratic
in form. Likewise, the dominance of the negative mass term
or the cartesian term for a given system is not clear. The
magnitude of 3, location of the beam relative 1o the con-
ducting wall, frequency shift, and beam density 1v-73.0, zli
appear to be determining factors as to which is most impor-
tant. However, the relatve simplicity of the moucs io0 a cai-
tesian slotted waveguide versus the actual evlindrical slotted
waveguide has led us to pursue the former model.

A. Empty waveguide analysis: Dispersion relzticn

In this initial investigation, we simplify the analysis by
considering the mode structure tor the case of &. = O cui-
off). When there is no beam present. the empty waseguide,
the modes decompose into TE and TM waves. Only the TE
mode(E, =0, /{, =0) has a nonzero value of £, , the electnic
field that couples the wave to the becam. Assuming the fields
vary as explw? — jf3.,y). tiwe F{. field in the interaction region,
0 <x <a,is given by

Hixy) = S A, cosfALia - xi]e - 14
where K2 =w'/c” — 3.8, =0, + 2mn/d , and the other
nonzero fields are given by £/ = —f Jwe it and
E!l = {/we )0l ' /dx. The quanuty .4, tepresents the
phase shift from one slot region to the next. Likewise, in the
firstslotregion, —d, <x<0, —w , <y <w, ,, thefl, field
is given by

Hixyn= S 4, cos|K, x +d,))cos[B, i + w /2], 15)

where K2 =w'/c" -5, B, =an’/w,, and the other
fields are given by E. = — {j/weldH/dy and £,
= (j/we)0H ;. /dx.

Our solution procedure is to choose one of the ortho-
gonal modes in the slot, that is, a specific #’, and find the
coefficients of the field components in the interaction region
to satisfy the boundary conditions across the gap. Specifical-
ly, the continuity of E, and #/_ across the gap is required.
That s, for E,,




Fn.n' _1 w
T’(ﬂn' +B’|)
Sin[%’(ﬂn' —ﬁn)] )
+(=1" : (9)

w,
T (Bn' ﬁn )

Specifically for the n° = 0 slot mode. the dispersion rela-
tion'® becomes

()
cot| —
- 7

Dy B, =
w
———w‘
[
. [ w.fB, ] :
+ = cot(K ,a) s 2 -0
H=Z— L Knd.\'| wtﬂn S

2
{10)
For this slot mode, which is a TEM mode in the slot, the
electric  field across the gap is  E(0y)
= — (jA/€xc)sinfewd, /c), a spatially constant electric field.

B. Beam-waveguide linear stability analysis

The analysis of the slotted waveguide when the electron
beam is present is based on the assumption that the beam
only slightly perturbs the empty waveguide fields. The elec-
tron beam in the cartesian model [Fig. 1(b)] is a thin sheet
beam of uniform density, n, = n,6(x — x,), located a dis-
tance x, from the slot. The beam travels with a velocity
across the slots given by V,; = Via . The relativistic mass
ratio of this equilibrium beam is ¥, = (1 — V'3/c?)~'/%

The linear stability of the beam-waveguide system to
small perturbations is examined as follows. The beam parti-
cles and resulting fields are perturbed according to
exp jlwt — B3,y) with a complex amplitude that depends on x.
The perturbation produces fields of the form of TE waves.
That is, E = (E,, E,,0) and B =(0,0,3,), all assumed to be
small. The linearized equations of motion give |

F

nn

1if n=0] cotK,d,)

cos(K,a) + aK, cos(K,x,}sin[K, (@ — x,)] _

Lol Jums e o

- e - -
Uy = — . Ex + VbB: ’

jm;,0¢n [ ( ]
~ e 7
b, = — E,, (11}
T mne,

v, =0,
where ¥, =w — 3,V and all quantities with a tilde are
small. The linearized continuity equation gives the per-
turbed beam density

- 1 d - n.g,

J¢, ox U

From these the perturbed charge and current density in
Maxwell’s equations can be computed. They are

b, (12)

n

p= —vi= el CA RN BRED
and

J.= —en,i,, (13b)

J, = —en,i, — eV, (13¢)

All perturbed quantities can be written in terms of the fields
via Eq. (11). We now proceed to solve Maxwell’s equations in
the interaction space with the electron beam. We write the
solutions for A, in the form

; [A,, cos[K,(@ —x)Je ", X, <x<a
[B. cos(K,x)+ C, sin(K,x)]e Y Oex<x,
(14)
from which we can calculate E, and l-:'y. We then apply the
boundary conditions at the electron beam, which are: con-
tinuity of £, which gives
A, _ 9H,

ax -

z

(15)

Xy ax
and jump in f, due to the perturbed surface current, which
gives

s

en.w

Hx,)— H,x;, )= B,lx,)- (16)

These boundary conditions allow us to write all the fields in
the interaction space in terms of one coefficient, say B,. We
then sum the fields over all these interaction space modes
and match these fields to one of the modes in the slot, i.e., the
n' mode as we did in Egs. (6) and (7). From this we obtain a
modified dispersion relation given by

+ 3

172 if n'#0 K, w,

- K,dy sin(K,a) + aK, siniK,x,)sin[K (@ —x,)]

0, (17)

where a = e*n,/me,yo ¥l =(v/y (47’ /v 2 ). For the appropriate limit, v/, <1, the first-order modified dispersion relation

becomes
1if i =0} cotk,d,) = cot(K,a)
2 0B =) )2 i wr 0] X ran . Z,, Ko "
Y sin®*[ K, (@ — x
N B tsin{Kifa =) o (18]
dy Vo Vo n" = U sin"A,a
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using Eq. (8). The left-hand side, when equal to zero, repre-
sents the empty waveguide dispersion relation and the right-
hand side represents the electron beam effects.

We solve Eq. {18) in order to determine the interaction
of the electron beam and the waveguide modes. We look for
solutions where o = B,V + éw, for |bw|<€ByVi=w,. Ex-
panding D, (w.,5,) about w, and multiplying by {5w),” we ob-
tain from Eq. {18)

(bw)

ahy

, dD,
D, (woBMNéw) +
1o 2)

sin"[Kyla — x,)]
sin’(K )

1 v 4rc’

T d ~ Yo Yo
where we kept only the n = 0 term on the right-hand side of
Eq.(18),and K, = \Jw;/c* — 3 ;. Equation (19) is solved and
the results are displayed and discussed shortly. For the case
of beam-waveguide resonance, i.e., D, (wy,B0) = 0, Eq. (19) is
a third-order equation for dw and possesses an unstable root
of growth rate

, (19)

0.n

—

Wy _ Imw _ N3 1 L47rc:F'
W) )t T 24 aD, | de v
dw o,
sin’[ Kyla — x,)] '
sin’(K,a) ) (20)

Since this represents the maximum growth rate, all results
are normalized to the factor (v/7,)!">. From Eq. (19), when
the second-order term in 8w dominants on the left-hand side
(nonresonance), the stability of the mode is determined by
the sign of D, (wy5,).

C. Results

The results of the analytical analysis are presented in
graphical form in Figs. 2-6. In Figs. 2 and 3, the empty
slotted waveguide mode structure [Eq. (8)] for a 12 and 20
slot system is shown, and in Figs. 4-6 the linear growth rates
[imaginary part of Sw in Eq. (19)] are shown.

In Fig. 2, the dispersion relation for a 12 slot waveguide
system is displayed. Referring to Fig. 1(b), the geometric pa-
rameters are: @ = 2.5 cm, dN! =314 cm,d, =10 cm, w,

= 1.57 cm. In Fig. 2(a), the dispersion relation of the system
for the n' = 0 slot mode is shown and for the n’ = 1 slot
mode in Fig. 2(b). Specifically, frequency in GHz is plotted
versus B d , where B d,, = 27 means the phase of the elec-
tric ficld across all slot gaps is in exactly the same direction at
any time and when B, dy = 7, it means the field changes
direction from gap to gap. For reference, the equivalent azi-
muthal harmonic number/ foracylindrical system is plotted
along with 3,d , . Since the system is assumed to repeat itself
every 12 slots, the spectrum is discrete, indicated by the
*dots.” If the system is not bounded in y, the dispersion
curves are continuous as shown by the solid lines. Obviously,
the dispersion curve repeats itself every 27 in S,dy . For
reference, the beam wavew = 3,1, forabcam with y, = 61is
drawn which is very close to the velocity of light line on this
graph. This value of ,, corresponds to an electron energy of
about 2.5 McV. The experiments reported in the next section
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FIG. 2. Vacuum waveguide mode structure for a 12 ., ) slot pertodic planar
waveguide with geometry 2 =2.5 cm, dy =3.14 cm, d, = 1.0 cm, w,

= 1.57 cm. The interacting beam mode is also shown { 3, = 6). (al n" = 0:
zero-order slot mode; (b) #° = 1: first-order slot mode.

were performed with injected electron beam energies in the
range 2-2.5 MeV, with associated y, = 5-6. We find these
results to be relatively insensitive to variations in j;; over this
range. One should note that if no slots are present (d, = 0),

the dispersion relation would be w = c\k | + (n7/a)" and
thus no modes have a phase velocity less than the velocity of
light, and thus there can be no beam-waveguide mode reso-
nant interaction. Obviously, the presence of the slots slows
the waves down to below the velocity of light allowing reso-
nant interaction. One can think of the various modes dis-
played in Figs. 2{a) and 2(b) as x-mode structure which is
equivalent to radial {r) mode structure in the cylindrical sys-
tem.

In Fig. 3, the dispersion relation for a 20 slot waseguide
system is displayed in the same manner as in Fig. 2. The
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FIG. 3. Vacuum waveguide mode structure for a 20{¥, ) slot periodic planar
waveguide with geometry @ = 1.7 cm, dy = 1.885 cm, d, = 0.4 cm, w,

= 0.6283 cm. The interacting beam mode is also shown ( y, = 6}. (a)n’ = O:
zero-order slot mode; (b) n' = 1: first-order slot mode.

geometry of this system is, a = 1.7 cm, d, = 1.885 cm, d,
=0.4 cm, w, = 0.6283 cm. The dispersion relation for the
n' = 0 slot mode is shown in Fig. 3(a) and for the n' = 1 slot
mode in Fig. 3(b). Again the beam mode{y, = 6}is displayed.

In Fig. 4, the normalized growth rate is shown for the
12 slot waveguide of Fig. 2 and an electron beam that is
located 1.0 cm (x, ) from the slots and has a relativistic mass
ratio of y, = 6. The normalization factor, w, = 27f,, is that
of an equivalent rotating beam at a radius of 6 cm. Specifical-
ly, f. = 0.8 GHz. The growth rate is plotted versus frequen-
cy f and equivalent azimuthal harmonic number / (B,d ).
The growth rate for the n” = 0 slot mode is displayed in Fig.
4(a) and for the n’ = 1 slot mode in Fig. 4(b). In Fig. 5, the
normalized growth rate for a 12 slot waveguide is shown that
has a slot width of half the value of that in Figs. 2 and 4, that
is, w, = 0.785cm. In Fig. 6, the normalized growth rate fora
20 slot waveguide is shown that has the same geometric val-
ues as in Fig. 3 and the same beam parameters as in Figs. 4
and 5.

For discussion purposes, consider the 12 slot guide
whose mode structure appears in Fig. 2 and growth rate for
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electron beam interaction in Fig. 4. For the n° = 0 slot mode
case, Fig. 2(a) indicates that there are beam mode-waveguide
mode intersections in frequency and equivalent harmonic
number at: -5 GHz (/~6), 6-7 GHz (/~8 or 9}, 9-10 GHz
{1~12), 10-11 GHz (I ~ 13), etc. In Fig. 4(a), we see that there
is strong interaction near these frequencies, indicated by fin-
ite growth rate and no unstable interaction at other harmon-
ics. The frequency regime in Fig. 4(a) is extended beyond that
shown in Fig. 2(a) but the same resonant interactions occur
but with higher x-mode numbers. The growth rates are cal-
culated as if the waveguide were not periodic, i.e., the disper-
sion relation represented by the solid line of Fig. 2(a).
Though there is not exact intersection of a beam mode and a
periodic waveguide mode (dots}, we envision that a finite k,
will allow an intersection to occur. However, if the required
k, becomes too large, the frequency will be far removed from
the spectrum regime displayed. The n’ = 1 slot mode results
in Figs. 2{b) and 4(b) can be discussed in the same hanner.
However, one should note that the cutoff frequency in the
slot is 9.6 GHz for this mode, and thus the two unstable
interactions near/ = 6 and 8 in Fig. 4(b) represent attenuated
waves in the slots but for /2 12 there are propagating modes
in the slot. Clearly n';>2 slot modes have a higher cutoff
frequency in the slot and thus are not displayed, because we
surmise that attenuated slot modes will not be observed.

A 12 slot waveguide with a slot width of half that used
in Figs. 2 and 4 results has a growth rate spectrum in fre-
quency as shown in Fig. 5(a) for the n° = Oslot mode, and the
for the n’ = 1 in Fig. 5(b). The cutoff frequency in the slot is
about 19 GHz for this width and thus all #” = | growth rates
represent attenuated waves in the slot.

The results of the 20 slot guide are shown in Figs. 3 and
6. Again, unstable interaction occurs where the bcam wave
intersects the waveguide mode. The n' = 1 mode has a cutoff
frequency in the slot of about 24 GHz indicating that only
the unstable interactions above this value while propagate
out of the system.

These results should be compared with those of the
smooth hollow waveguide-electron beam interaction pre-
sented in Ref. 10. In those results, all beam harmonics (/)
were unstable once resonant interaction could occur, where-
as in the present analysis, the guide mode structure does not
allow for every / mode to resonantly interact.

Ill. EXPERIMENT
A. Apparatus

In our configuration, a rotating relativistic E-layer is
produced by passing a hollow nonrotating beam through a
narrow symmetric magnetic cusp. The downstream
chamber, in which the rotating beam propagates, has a con-
ducting wall structure that is simtlar to that of the magne-
tron. The experimental contiguration is shown schematical-
ly in Fig. 7. A hollow, nonrotating, relativistic electron beam
(2-2.5 MeV, 20 kKA, 30 ns) s emitted from a 12-cm-diam
circular knife-edge carbon cathode located 7.5 ¢cm upstream
of the anode. A 0.5-cm-wide circular shit in the anode plate
allows a fraction of the diode current to pass through the
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anode plane into the magnetic cusp transition region, where
the v, X B, force efficiently converts axial particle velocity to
azimuthal velocity downstream of the cusp transition. The
details of particle motion in the cusp region are reported
elsewhere,' and it is casily shown that the downstream par-
ticle orbits are axis encircling with a gyroradius equal to the
cathode radius. Typical downstrean beam parameters are 2
MeV, 2 kA, and § ns, and the rotating E-layer moves
through the downstrcam region with an axial velocity in the
range 0.1-0.3 c. Thus, since the azimuthal velocity v, =¢,
the ratiov, /v, is in the range 3-10. The instantancous cner-
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gy spread in the electron beam is very small {less than 1) as
indicated from previous results.” The magnetic field up-
strcam and downstream of the cusp transition is in the range
12001400 G, with a resultant relativistic cyclotron frequen-
cy of about 770 MHz a1 1350 G.

B. Radiation at 12 »,.

The rotating electron beam in the region downstream of
the cusp transition interacts with an outer conducting slotted
boundary as depicted in Fig. 7. It consists of 12 resonators
{V, = 12) having an outer radius R, of 7.5 cm and an inner
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radius of 6.5 cm, that is, the slot depth is 1 cm. No inner
conducting boundary was used for these experiments. For
comparison purposes, measurements were also made of the
radiation produced when the beam interacts with a simple
cylindrical outer conducting boundary of 7.5 ¢m radius. De-
tails of the radiation production in this latter configuration
have been reported elsewhere.”' Unlike a conventional
magnetron, where radiation is usually extracted through a
window in onc of the resonators, radiation in this system was
extracted axially out the downstrcam end of the drift
chamber, as shown in Fig. 7. The downstream end of the
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drift chamber was flared to provide a smooth transition to
free space, and the radiated power was detected by a receiv-
ing horn and a 34-m X-band (8-12 GHz) dispersive line con-
nected to a calibrated attenuator and a calibrated detector.
Total power was obtained by determining the effective radi-
ation area at a given axial position of the receiving horn {by
carefully surveying the region to determine over what area
radiation is produced) from the output end of the drift
chamber and multiplying the measured radiated power at
the detector by the ratio of this area to that of the receiving
horn. The power spectrum of the radiation was deternuned
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by making use of the frequency-dependent group velocity of
the radiation down the dispersive line. The undispersed radi-
ation pulse duration was measured to be about 5 ns.

amplitude. It is easily seen that both the total power and the
spectrum of the emitted radiation are affected dramatically .
by the multiresonator boundary. For the simple outer .

Results of these measurements are shown in Fig. 8 both
for the simple cylindrical outer boundary [Fig. 8(a)} and for
the magnetron-type boundary {Fig. 8ibi]. Each spectrum
was obtained from a single shot, with cach point represent-
ing a peak in the dispersed radiation wavetorm reaching the
detector. The magnetic field setting in cach case was 1350G.
Shot to shot reproducibility using the magnetron boundary
was about + 57 in frequency and about + 207 in power
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boundary, the power is very broad band in the X-band fre-
quency spectrum with peak powers around 200 kW, How-
ever, for the magnetron type boundary, the peak power is a
factor of 1000 greater and occurs predominantly at a single
frequency around 9.6 Gz, These results have been pub-
lished previously .

An indication of the strength of the resonant interac-
tion 15 shown in Fig. 9, where the power produced at 9.6
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a1

wi | T

—p———

“Magnetron” Outer Conducting

/

Iron Plate /

Anode Plate

Boundary

o Vacuum / [

Acrylic

Cathode Stem I W /

FIG. 7. General expenimental configuration.

S

\ [

/

Downstream Coils
Dlode Loils

GHz is shown as a function of applied magnetic field. It is
easily seen that only for magnetic fields close to 1350 G are
these high powers obtained. The cusp cutoff field is the value
above which the electrons no longer have sufficient energy to
pass through the cusp.

C. Radiation at 20 w,

Because of the difficulty in machining outer magne-
tron-type conducting boundaries for operation at higher fre-
quencies, these experiments were conducted using slotted
inner conductors, as shown in Fig. 1(a). Outer magnetron
boundaries should, however, be superior for long pulse oper-
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FIG. 8. Typical single shot power spectra for (a} simple cylindnical outer
conducting boundary, R,, = 7.5 cm; (b) .V, = 12 multiresonator magnetron
outer conducting boundary, R, = 7.5 e¢m, R, = 6.5 cm. Applied magnetic
field 15 1350 G 1n cach case.
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Dispersive Line

ation of this device, because electrons move to smaller radii
as they lose energy and may eventually collide with an inner
boundary, producing plasma and breakdown difficulties.
Apart from this change, the basic experimental configura-
tion in this case was the same as that used for studiesat 12 w,,
except that radiation was monitored using a 36-m Ku band
(12-18 GHz) dispersive line with associated attenuators and
detectors.

Tracings of raw oscilloscope data obtained from the
Ku-band dispersive line for a simple coaxial boundary sys-
tem and a slotted inner n = 20 boundary system (of similar
dimension) are shown in Fig. 10. It is easily seen that the
broad band radiation observed in the unslotted boundary
system is converted by the slotted boundary into higher pow-
er radiation at a single frequency. The attenuation values
given include the correction for the fraction of the total area
over which radiation is observed that is detected by the re-
ceiving horn, but do not include the frequency-dependent
attenuation of the dispersive line. At 16 GHz, this attenu-
ation is about 12 dB. As the burst duration is comparable to
the pulse duration, the line bandwidth cannot be estimated
accurately, although it is certainly less than 1 GHz. The best
results obtained from these measurements are plotted in Fig.
11, and show the same characteristic behavior as the 12 w,
results, although the radiated power is lower. This is attri-

300 |
~ x | _cusp
o CUTOFF
© 200
o I
5 I
= 100 x |
2 |
[+ x

x X )1( .I.
00 1200 1300 1400

8,

FIG. 9. Radiated power at 9.6 GHz plotted as a function of applied magnet-
ic field.
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FIG. 10. Typical oscilloscope waveforms of (a) electron beam generator out-
put voltage, (b) Ku band detector signal for rotating beam interacting with a
simple coaxial boundary, R, = 7.0 cm, R, = 5.0 cm, (c) Ku band detector
signal for a N, = 20 slotted inner conductor, R, = 7.0cm, R, = 5.3¢m, d,
‘=4mm,w, =6.3mm.

buted to a somewhat lower injection current (1 kA compared
to 1.5-2 kA in the 12 w, case) and to the fact that the fields in
the slot cannot penetrate as far into the beam when the slots
are smaller. It is also notable that this boundary was de-
signed to operate with the “27,” n’ = 0 modes only, while
the 12 @, boundary may actually be resonating at a “27,”
n’ = 1 mode.

In these experiments, we have routinely monitored ra-
diation in X-band as well. In the case where a system is effec-
tively radiating in the “27” mode at 16 GHz, we do not
observe any enhancement of radiation in X-band that might
be associated with excitation of the “7"* probe at 8 GHz. The

Rg=7 ¢cm
) 150 - Ri=5cm (o)
i 1 P (kW) (unslotted)
S 100}
50
o
) 0 11 12 13 14 15 16 17 18
> . f (GHz)
n=20 (inside)
401 g9:04cm )
P (MW} R;=53cm .
) - 301 Ry= 7 em
1400 gouss
20+
* 10F
.' . 1) 1 { 1 1 { 1 L
. 19 11 12 13 14 15 16 7 B
! (GHz)

FIG. 11 Radiated power vs frequency (a) for the stmple coaxial boundary,
{b) for the ¥, = 20 slotted inner conductor.
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cm, d = 6.4 mm,

FIG. 12. Rotating beam propagating between slotted inner and outer boun-
daries.

observed radiation in X-band is more characteristic of that
observed in an unslotted cylindrical boundary system.

We have also varied the slot depth to observe its effect
on radiated power. As expected, unless the slot depthis set to
a value such that a “27"" resonance occurs near N, w,, peak-
ing and enhancement of the radiated power spectrum at this
frequency do not occur.

D. Radiation from “glide symmetric"” boundaries

In this configuration, shown in Fig. 12, a rotating beam
propagates between slotted boundaries with an effective 180°
phase difference between inner and outer slots. In linear sys-
tems, such configurations are said to possess “glide reflcc-
tion symmetry,” and theoretical analysis'® shows that as the
two conductors are moved closer together, the effective peri-
odicity of the system approaches half that possessed by ci-
ther boundary. Thus, in principle, such a configuraton
might lead to higher frequency radiation. When a beam was ]
injected into such a configuration, the radiation was moved S
into Ka band (2640 GHz) and was measured using a 36-m- )

long Ka band dispersive line. Radiation was produced pre- . d
dominantly at 36 GHz, slightly greater than 40 w,, and the 4
radiated power spectrum is shown in Fig. 13. Theoretical R
analysis of this system is currently in progress. T
E
n = 20 inside and outside -
5r d:=0.64 cm R
PIMW) | Ri=50cm 0
Ryz 7.5 ¢m L
3F a2s gauss - 4

2 -

0 | . 1 ! | ~‘__.~_
24 26 28 30 32 34 36 38 40 42 .
f (GHz)

FIG. 13. Radiated power vs frequency for a rofating beam propacating
between N, - 20slotted inner and suter boundaries. R, - 7T Sem R - s
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' IV. CONCLUSIONS

(1) Good qualitative agreement between theory and ex-
periment has been achieved in these studies of the interaction
of a rotating electron beam with a slotted wall waveguide
structure that is placed either inside or outside of the elec-
tron beam.

u (2) The slotted wall structures peak the radiaticn at se-
lected frequencies versus the broad band nature of the radi-
ation when a smooth wall structure is used. These selected

- frequencies are very close to the resonant frequencies where
: a beam mode intersects a waveguide mode.

- {31 One would expect, because of the wall structure, that

- the beam would preferentially radiate at the 27 mode, that is,

the beam harmonic / that equals the number of slots. This is

true if there is an intersection of a beam wave and a wave-

guide mode at this location. Thus, by changing wall geome-
try. this required intersection can be achieved and radiation

is observed near /w, .

u (4) In order that muiti-moding be reduced, the n' > 1 slot
mode cutoff frequency can be raised above the n' =0 27
mode by reducing the width of the slots, that is, making
w./dy smaller. At the same time, however, the volume of
the slots is reduced, which may affect the total radiated ener-

r gy. Multimoding due to electron beam properties is less like-

' ly in our system than in conventional cross-field devices,
because there is almost no velocity shear across the beam.
This velocity shear gives rise to many @ = 3,V lines instead
of the one we drew, that is, an angular region on the @ vs

B, graph.

| .
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Observation of microwave generation from a cusptron device

Won Namkung

Electrical Engineering Department, University of Maryland, College Park, Maryland 20742
{Received 18 October 1983; accepted 14 November 1983)

The first observation of microwave generation at the sixth harmonic of the electron cyclotron
frequency usinga 17kV,0.6-1.0 A, 3 usec electron beam is reported. This device, whichis called a
cusptron, produces radiation from the resonant interaction of a nonrelativistic rotating electron
beam and a magnetron-type conducting boundary with six vanes by the negative mass instability.
The observed radiated power is approximately 500 W at 4.38 GHz.

There have been numerous experimental and theoreti-
cal studies of high-power and high-frequency microwave de-
vices such as gyrotrons, '~ relativistic magnetrons,® and free
electron lascrs.>® Hi-1-power microwaves have been also
produced by the rescnant interaction of a relativistic rotat-
ing electron layer (E layer) with the modes of various con-
ducting boundary systems by the negative-mass instabil-
ity.”"'! To date, these devices have been operated using high
magnetic fields and/or high electron energies. The device
which we report here operates at low electron energy, and,
since it produces radiation by the negative mass instability at
a high harmonic of the electron cyclotron frequency, uses
very low applied magnetic fields.

One of the simplest ways to produce a rotating E layer
involves the use of a magnetic cusp field through which an
annular electron beam is injected. After the cusp transition
region, an annular beam becomes an axis-rotating beam
propagating downstream with the same radius as the cath-
ode. The name cusptron originates from the use of a magnet-
ic cusp field to produce a rotating E layer and the magne-
tron-type conducting boundary for a beam-wave inter-
action.'>"* The axis-encircling electrons are bunched
azimuthally by the negative mass instability and the beam
energy is thereby transferred to the wave energy. Recent
theoretical studies'*' on this device have shown that effec-

CATHODE
ASSEMBLY

IRON PLATE
/ DOWNSTREAM

SOLENOID
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— ]

>

MIGH VOLTAGE ‘ \
INSULATOR -~ ROTATING E-LAYER

OIODE COns

MAGNE TRON
STRUCTURE

BELLOW

RELATIVE AXIAL MAGNETIC FIELDS

AT BEAM RADIUS
/\_.f 10
1 1 0 A Al 1 ——

-20 -0 50 20 30 40
cm

FIG. 1. Schematic of the cusptron expeniment and the axial magnetic ficld
distnibution at # = 1.5 cm (in relative units).
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tive microwave generation can be expected over a wide range
of electron energies. A cusptron operated in the nonrelativis-
tic regime holds promise as a practical and compact micro-
wave tube with low magnetic fields. In this paper, we report
preliminary results of a cusptron experiment operated at the
sixth harmonic of the electron cyclotron frequency.

The experimental setup and the magnetic field distribu-
tion are shown schematically in Fig. 1. The magnetic cusp
field is produced by two independently controlled coils on
the diode side and by a long solenoid on the downstream
side. The transition width of the cusp is narrowed substan-
tially by a soft iron plate placed between the solenoids. The
cusp transition length has been measured as 0.5 cm, which is
determined by the FWHM value of the radial magnetic field
at the beam radius. The systcm vacuum is maintained by two
30 ¢/sec ion pumps at 2-5x 10~ * Torr.

A hollow electron beam is emitted from an annular
thermionic cathode of 1.4 cm inner radius and 1.6 cm outer
radius with a Pierce-type focusing electrode. The cathode
assembly is mounted on a bellow coupled pipe for its align-
ment and the cathode-anode gap adjustment can be made
without breaking the system vacuum. A typical cathode-
anode gap is 6 cm. An anode with an annular slit is attached
to the iron plate. A 0.2 cm wide circular slit in the anode
plate allows an annular electron beam to pass through the
magnetic cusp transition region, where the v, X B, force con-
verts axial velocity to azimuthal velocity downstream of the
cusp transition. The details of electron motion in a cusp re-
gion may be found in Refs. 16 and 17.

The conducting boundary in the beam-wave interact-
ing region has six equally spaced vanes of R, = 1.84 cm in-
ner radius and R, = 3.68 cm outer radius. The dispersion
relation of the fundamental mode (277 mode) becomes

W'/t —k?=95R2

For these values, 9 = 1.656, and the cutoff frequency is w,
= (2m)4.297 GHz. These parameters are obtained from
theoretical studies' for a resonant interaction of the 2z
mode with a beam of radius 1.6 cm and a beam energy of 17
keV duc to the limitation of the available high voltage power
supply. Under this limited electron energy, we can operate
this device with a magnetic cusp ficld up 10 280 G.

In radiation measurement experiments, we fix the diode
parametersat 17 kV,0.6-1.0 A, 3 usec, 60 pps. and the mag-
netic ficld near the cathode at 220 G. The downstream mag-
netic field is continuously varied. The radiated power signal
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FIG. 2. Oscilloscope traces of (a) beam voltage (S kV/div), {b) diode current
(1 A/div), and (c) detector signal (100 mV/div).

from a C band (3.95-5.85 GHz) detector responds sharply
only in a narrow region of the downstream magnetic field.
Typical microwave power detected is approximately 500 W
and the microwave frequency measured by a spectrum ana-
lyzer is 4.38 GHz with an 8 MHz bandwidth. Figure 2 shows
typical oscilloscope traces of the beam voltage, diode cur-
rent, and detector signal. The detected frequency corre-
sponds to the sixth harmonic of the electron cyclotron fre-
quency at a magnetic field of only 260 G. The resonant
interaction takes place only about 2.5 cm downstream from
the iron plate, since the downstream flat field shown in Fig. |
is 400 G. The conversion efficiency between the power de-
tected by the receiving antenna and the diode power is ap-
proximately 3%-4%. It is possible that the efficiency of ra-
diation production could be much higher, since a fraction of
the electron beam intercepts the anode plate.

In conclusion, about 500 W of microwave radiation at
4.38 GHz has been generated by the interaction of 2 nonrela-
tivistic rotating E layer with an N = 6 magnetron-type con-
ducting boundary. The diode is operated at 17kV,0.6-1.0 A,
and 3 usec. This experiment has successfully demonstrated

330 Phys. Fluids, Vol. 27, No. 2, February 1984

that high harmonic microwave generation can be produced
from a nonrelativistic cusptron device. This device holds
promise as an efficient, compact microwave tube suitable for
many practical applications.
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Linear theory of cusptron microwave tubes
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Stability properties of the negative-mass instability in a rotating annular electron beam (E layer)
are investigated, in connection with applications on the cusptron microwave tubes. The analysis is
carried out for an infinitely long E layer propagating through a magnetron-type conducting wall
and propagating parallel to an applied axial magnetic field. It is assumed that the £ layer is thin
and very tenuous. A closed algebraic dispersion relation of the negative-mass instability is
obtained, including the important influence of conducting boundaries on the mode control in
microwave generation and amplification. It is shown that for typical present experimental beam
parameters, the gain of the cusptron normalized to the excitation frequer<y can &~ comparable to
that of the gyrotron. Moreover, under the appropriate geometric configuration, perturbations
with azimuthal mode number V are dominantly unstable. This optimizes the microwave power
output of the radiation with frequency w~~Nw,, where w, is the electron cyclotron frequency and

N is the resonator number in the conducting wall.

I. INTRODUCTION

In recent years, there have been numerous experimen-
tal and theoretical investigations on high-power and high-
frequency microwave devices such as gyrotrons,'~ relativis-
tic magnetrons,* and free electron lasers.>® High-power
microwaves also have been produced by the negative-mass
instability’-'? of a relativistic rotating electron layer (£ layer)
in a conducting waveguide. This relatively new scheme of
microwave generation by arotating E layer has many attrac-
tive features in practical application. Using a mode control
scheme currently under investigation,'' for example, this de-
vice could be a tunable, high-frequency microwave tube with
low magnetic fields. One of the simple ways to produce a
rotating E layer is to use a magnetic cusp field, through
which an annular electron beam becomes a rotating electron
layer.'? After passing through a cusped magnetic field, a
nonrelativistic E layer propagates through a conventional
magnetron-type conducting wall. The name *‘cusptron” ori-
ginates from the cusp and the magnetron. In this paper, we
investigate the negative-mass stability properties of the E
layer in a magnetron-type conductor, in connection with the
application to the cusptron microwave tube.

In recent literature,'* Lau and Barnett have also stud-
ied the negative-mass stability properties in a similar phys-
ical configuration. However, their analysis has been restrict-
ed to infinite axial wavelength perturbations. In an electron
beam propagating through any oscillator or amplifier with
its axial velocity g, cé,, the influence of the finite axial wave-
length perturbation on the stability behavior is dominaatly
important in determining the necessary physical param-
eters, to optimize the gain, the bandwidth, and the efficiency
of the microwave tubes. For example, as will be seen in Sec.
IV, in an optimized cusptron amplifier, the maximum
growth of the microwave signal occurs at a nonzero axial
wavenumber perturbation (i.e., k #0). Moreover, the infinite
axial wavelength perturbations (k = 0) do not grow for the

408 Phys. Fluids 27 (2), February 1984

0031-9171/64/020488-11%01.90

optimized conditions, indicating no amplification in these
physical parameter regimes, which is particularly important
for a stable operation of the microwave amplifier. In this
regard, we investigate the negative-mass stability properties
of the E layer, including the important influence of the finite
axial wavelength perturbations on the stability behavior and
determining all the optimum conditions of the cusptron mi-
crowave tubes. Most critical parameters are determined
from the grazing condition in Eqs. (52) and (53). The grazing
condition dominates the nature of the dispersion relations in
Egs. (47) and (48), changing them from a second-order to-a
third-order polynomial, and maximizing the growth rate,
the bandwidth, and the efficiency of the cusptron microwave
tubes.

The stability analysis of the negative-mass instability is
carried out for an E layer with radius R, propagating
through a magnetron-type conductor with its inner- and out-
ermost radii R, and R, respectively. Equilibrium and stabil-
ity properties are calculated for the electron distribution
function [Eq. (1)] in which all electrons have the same energy
and the same canonical angular momentum but a Lorent-
zian distribution in the axial canonical momentum. The sta-
bility analysis is calculated within the framework of the lin-
earized Viasov-Maxwell equations for an infinitely long E
layer propagating parallel to an applied magnetic field Bé,
with an axial velocity 8,c€,. We assume that the £ layer is
thin and very tenuous. The formal dispersion relation [Eq.
(29)] of the negative-mass instability is obtained in Sec. II,
including the important influence of conducting boundaries
on the mode control in microwave amplification and genera-
tion.

In Sec. II, properties of the vacuum dispersion relation
in a magnetron-type conductor arc investigated without in-
cluding the influence of beam clectrons. It is shown that the
vacuum dispersion relation reduces to three distinct modes;
the transverse electric (TE), the transverse magnetic (TM),
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and the magnetron TE modes. From numerical calculation,
the cutoff frequency w_, = 17¢/R,, is obtained in terms of the
ratio R./R,. In Sec. IV, the negative-mass stability proper-
tiesof an E layer are numerically investigated. Several points
are noteworthy from the numerical calculation for a nonre-
lativistic cusptron. First, optimum coupling occurs between
the beam and the fundamental 2 modes. It is shown for the
fundamental 27 mode that for typical present experimental
beam parameters, gain of the cusptron normalized by the
excitation frequency can be comparable to that of the gyro-
tron. Second, for the applied magnetic field satisfying the
grazing condition of the /= .V perturbations, other azi-
muthal perturbations with / £ ¥V are suppressed. Here /is the
azimuthal harmonic number of perturbations and .V is the
number of resonators in the magnetron-type conductor. Un-
der this grazing condition, the / = N mode perturbation is
the dominant unstable mode, optimizing the microwave
power output for radiation with frequency w~lw,. There-
fore. even for relatively low magnetic field, a high-frequency
microwave can be amplified by making use of the cusptron
with ¥>2. Finally, the growth rate and Doppler-shifted real
oscillation frequency are substantially increased by chang-
ing the applied field index from zero tc a small positive value.
Preliminary investigation of a relativistic cusptron amplifier
is also carried out in Sec. IV.

il. VLASOV-MAXWELL THEORY

As illustrated in Fig. 1, the equilibrium configuration
consists of a nonneutral electron layer (E layer} that is infi-
nite in axial extent and aligned parallel to an applied magnet-
ic field By[rjé,. The electron layer is accomplished by the
passing of a hollow electron beam through an ideal cusp
magnetic field.'? Therefore, the electron layer is in a fast
rotational equilibrium, where all electrons have positive ca-
nonical angular momentum. The mean radius of the E layer
is denoted by R,. We also assume that the radial thickness of
the £ layer is 2a which is much less than the equilibrium
radius R,, i.e., a€R,. The mean motion of the £ layer is in

MAGNETRON-TYPE CONDUCTOR

RESONATOR

E LAYER

FIG. 1. Cross-sectional view of cusptron,
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the azimuthal direction, and the applied magnetic field pro-
vides radial continement of the electrons. As shown in Fig. 1,
the outer conductor is a magnetron-type contiguration with
its inner- and outermost radii R, and R.. respectively. The
angle of the open spaces in the magnetron-type conductor is
denoted by 2a. In the theoretical analysis, cylindrical polar
coordinates (r,0.z) are employed. In the present analysis, we
assume that v/3<1, where v = N, ¢°/mc” is Budker's pa-
rameter and ymc” is the electron encrgy. Here .V, is the total
number of electrons per unit axial length, and — ¢ and m are
the charge and rest mass of electrons. respectively. Consis-
tent with the low-density assumption. we peglect the influ-
ence of equilibrium self-fields.

In the present analysis, we investigate the equilibrium
and stability properties tor the choice of equilibrium distri-
bution function:

w N p.d Sy — VI8P — P

(H.P,,P.) = : R
SRR, dmmes (P, —p.) +pid7

(1

where H = yme™ = im*c* + ¢°p}''* is the total energy, P, is
the axial canonical momentum, P, = r[p, — (e/cidyir)] is
the canonical angular momentum, w, = eB,(R,)/ymc is the
electron cylotron frequency, A,(r} is the azimuthal compo-
nent of the equilibrium vector potential. P, = (e/
IRANR,) = (e/20)1R*B,(R,), and #, p., and 4 are con-
stants.

In the subsequent stability analysis, we examine the lin-
earized Vlasov—Maxwell equations for perturbations about a
thin E-layer equilibrium described by Eq. (1). To calculate
stability quantities of the £ layer, we adopt a normal-mode
approach in which all £-layer perturbations are assumed to
vary with time and space according to

Svix,t) = v (rlexp(i(i6 + kz — wi )],

where Im w > 0. Here, @ is the complex eigentrequency, & is
the axial wavenumber, and /is the azimuthal harmonic num-
ber. The Maxwell equations for the perturbed electric and
magnetic field amplitudes can be expressed as

VX E(x) = i{w/c)B(x),
Vx B(x) = (47/cMix) — ilw/c)E(x), 2)

where f:(x) and ﬁ(xl are the perturbed electric and magnetic
fields,

Jix) = —efd‘p v/, (x.p) {3

is the perturbed current density,

}
folx.p) = ef drexpl — iwrl

« XBix1\ 7.
x(li(x’) 4 YXBy 2 4
c /dp
is the perturbed distribution function, and r =11 — 1.
From Eq. (2), it is straightforward to show that

3 R Y Y 47 -
—a—b‘,:(r) ~ i(p"k.v,.v) + L k,,(rl) =~ 2. (5)
ar w r c
where

pr=we = k7 (6)
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For the present purposes, we assume that
12| =|w—lw, — kB,c|<w,,
la<R,, (7)

where 8, =, /;-'mc and c is the speed of light in vacuo. The
perturbed axial and azimuthal electric fields [E,(r) and
E,.(r)] are continuous across the beam boundaries (r = R

andr = R,). Here R, = R, — a and R, = R, + a are the in-
ner and outer boundaries of the E layer, respectively. More-
over, within the context of Eq. (7), it is valid to approximate

Em(R |)22/9(Ro)=2w (Ra),

- - - (8)
EI: (Rl)zEl: (RO):—'Elz(RZ)'
Integrating Eq. (5) from r =R, — 6 to r = R, + & and tak-
ing the limit 5—0_, we obtain

B.R7)-B.R )= — ic’l “dr Jlr) )

R;
where (R *) denotes lims_, ¥{R; + §). Similarly, the dis-
continuity of the azimuthal component of the perturbed
magnetic field is given by

BylR )~ BolR )= —f drJ,(n. (10)

For convenience in the subsequent analysis, we intro-
duce the normalized electric and magnetic wave admit-
tances,'* d , andb , ,defined at the inner and outer surfaces
of the E layer by

— [r(a/a’)glz(’)]k:’

+ = ’

IEIz(RZ)

R (11)
P [HO/3NEL (N -
B IE,R)
and
~IB,(R})
[H3/3nB,, (")) &,

+

R (12)
IBIz (R l— )

" [A3/3nB,, ()],
From Eq. (2), it is straightforward to show that
a4 . e lk ~,
2 Butn =i < (7Buln + L Euin),
or @ r
~ kl ~ ° 7 ad -
Bylr) = — == BN+ —= - E,(r), (13)
pr cp- Or

outside the E layer and the radial coordinate r satisfying
r<R,. Substituting Eq. (13)into Eqs. (9) and {10) and making
use of Eqgs. (11) and {12) we obtain

b_+0b ..’[PZR(»E/U(R«)) + klg‘lz(Rl))]

R,
, 4rowl J‘ dr ()
R,

(14)
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(d_ +d,)E,(Ro)
_ _,ﬂ f dr i + i A7 R"f drl,(r.

where use has been made of Eq. (8). Evidently, an evaluation
of the azimuthal and axial components of the perturbed cur-
rent density (J,g and J,.) is required for a detailed stability
analysis.

A. Perturbed current density

In this section, we evaluate the perturbed distribution
function and subsequently the perturbed current density. As
indicated in Eq. (4), the particle trajectories, (1), (7}, and
Z'(r}, in the equilibrium fields are required in order to evalu-
aie the perturbed distribution function. The applied axial
magnetic field B,(r)é, is approximated by

By(r) = Bo(Ro)(1 — np/R), (15)
wherep =r — Ry and
=~ - R )
n= = goa(Ban), (16)

is the magnetic field index. Therefore, the azimuthal compo-
nent of the vector potential is expressed as

rAor) = RoAo(Ro) + BolRy) J; drr( | — %’1) .un
0 0

Making use of the Hamiltonian H =ymc’
= (m’¢* + ¢’p?)"’?, the canonical angular momentum
P, =r{py — (e/c)4,(r)], and Eq. (17), we obtain the electron
trajectories!®

p' =r —Ry=w.8P,/yolRy+ A, sinfw, 7 + ¢),

Z=z+4p,1/ym, (18)
0'=w, —p (6Po/YmRY) + (w./Ro) p',

where
p = (w/w]) — (1/73), (19)
w? = (1 — n)w}? (20)

is the radial betatron frequency squared of electrons,
ve = (1 —B2)~ "% is the relativistic mass ratio associated
with the azimuthal electron velocity B,c, 4, is the ampli-
tude for radial betatron oscillations, 6P, = Py — P, and
7= t' — t. Within the context of Eq. {7), it is valid to approxi-
mate

0’ =w, —u(dP,/ymR}), (21)

and to neglect the small oscillatory term w_p'/R,.

After asimple algebraic manipulation that makes use of
Eq. (7), the perturbed distribution function in Eq. (4) is ap-
proximated by **'?

N kV, ~ V. ~
fo=el [[(l - T)ROEM‘R(») + — Eu(Ro)] —a_/‘z:

KV, A v,
——-MR(+( —_“)F R;] ]-
- w{Ro) oR, (R oP, —/+
(22)
where the orbit integral [ is defined by
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I= f) drexp{i{ll{8'—8)+k{Z —2) — wr]}

k 5P, -
= i(m —lo, — -&- +lu 1—9—) , (23)
ym ymR

and use has been made of Eq. (8). Substituting Eq. (23) into
Egq. (22) and carrying out a tedious but straightforward alge-
bra, we obtain the perturbed distribution function

}‘ =i ec I’u—k?R3
d f/mR o (w—lw, — kV, )\
X [BoEw(Ro) +B,E.(Ro))- (24)

Subsequently, integrals of the perturbed current density in
the left-hand side of Eq. (14) are given by

R, " B, R, N
| Cardgn =2 | Cdrdin

= — DO [B(;E/a(Ro) +ﬂzglz(RO)]' (23)
27w

where the effective susceptibility ¢ is defined by
2 1% — k°R}

dok)= + < as - ,
¥ R} (0 —lw, — kB.c + ilk |B.cyd /)

(26)

and v = N,e?/mc’ is Budker’s parameter.

Substituting Eg. (25) into Eg. (14), we obtain the matrix
equation relating E,,(R,) and E,(R,). The condition for a
nontrivial solution to this matrix equation is that the deter-
minent of the matrix vanishes. This gives the general disper-
sion relation

2 ( o} (ke — B,w)
pPA\b_+b, d_+d,
where use has been made of the approximation

w=~lw, + kB,c, which is consistent with Eq. {7). Defining
the geometric factor I (w,k ),

2,2 1%0? - 2\ — |
Fok) = Ip’c ( L ﬁ,w)) ’
2 \b_+6b, d_+d,
and substituting Eq. (26) into Eq. (27), the dispersion relation
in Eq. (27) is expressed as
vy ¢ I’u—k’R}
Y Ry (0 —lo, —kB.c+ilk |B.eyd /72
(29)
which can be used to determine the complex eigenfrequency

2 =w—lo, — kB,c in terms of various physical param-
eters.

)0+l=0, 27)

(28)

Iwk)= —

B. Geometric factor /(w,k)

The evaluation of the wave admittances at the boundar-
ies of the E layer is required in order to complete the disper-
sion relation. To make the theoretical analysis tractable, in
the subsequent analysis, we concentrate the lowest modes of
the electromagnetic waves inside the resonator where
R, <r<R.. Moreover, the previous studics'®'” have exhib-
ited that the lowest modes in the resonator dominate the
wave interaction. In this regard, for the transverse magnetic
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(TM) mode, we select (see the Appendix)
E.(n=0, R,<r<R., (301
which is the lowest mode properly satisfying all the neces-

sary boundary conditions. The Maxwell equations of the
TM mode in the region 0<r< R, can be expressed as

19 2 1?2 S\
—_ s 2 =0, .
( r arrar r +p )Ekm (31

except the inside of the E layer (i.e., R, <r<R.). Here
* = w’/c* — k *isdefined in Eq. (6). The physically accepta-
ble solutions to Eq. (31} are given by

AJI(P’)y
E.n= ( JimN,{ pr)
BlJ{pr) - ——  ——
(o) N

where J/(x) and V,(x) are Bessel functions of the first and
second kind, respectively, the parameter 7 is defined by

0<r<R,,

)’ R.<r<R,, (32i

7 =/~ kIR, (33)

and A and B are constants. Substituting Eq. (32) into Eq. {11)
and carrying out a straightforward algebra with a<R,, we
obtain a sum of the electric wave admittance:

_ 2, (q)/wl
LENHEW, ) = TN )]
where £ = R,/R,.
Similarly, for the transverse electric (TE) mode, the sum

of the magnetic wave admittances is expressed as (see the
Appendix)

d_+d, {34

, 2y p,

b_+b, = 2’?’(“"" Vad JiE) (35)

JIS)+ Glw,k N [(£)

where

Glwk)= — J{mDwk)/N [(q)F (@,k), (36]

= J7) (sinja\?

Diwk) = /_(___)

»‘w=z— o S\ Ja

__m oV, (6) — (6 )WNo{7) 37

Na J(§IN\(n) = Jn)N(§)
is the vacuum dispersion function,
Flwk)=Dwk)— ( Jin) _ N/(’I)) (sin Ia)z'
Jim Nin) la

(38)
the integer j in Eq. (37) is defined by
=5+ mN, {39)

N is the number of resonators, a is the half-angle of the open
spaces as .fiown In i 1, § IS an anteger satistying
0<s<N — 1, the primef’) denotes (d /dxM,(x), and, finally,
the parameter § is defined by

$P=94'RIR. =(w/c" —k)R (40)
For detailed information in deriving Eq. (35), we urge the
reader to read the Appendix. Substituting Eqgs. (341 and (35)

into Eq. (28) completes the dispersion relation of the cusp-
tron microwave tube,
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1. VACUUM DISPERSION RELATION

In the absence of the beam [v—0 in Eq. (29)], the disper-
sion relation in Eq. (27) reduces to the TM dispersion rela-
tion

Jim) =0, (41)
and to the TE dispersion relation
Gwk)=0, {42)

where use has been made of Egs. {28), (34), and (35). The TM
dispersion relation is equivalently expressed as
W'/t —k*=BL/RZ, (43)

where 3,, is the nth root of J,(8,,) = 0. Similarly, it is shown
from Eq. {36) that the TE dispersion relation can be equiv-
alently expressed as the ordinary TE mode,

w/c —k*=ai,/RZ, (44)
and the magnetron TE mode,
x J . 2
Dlokl= % Ayl (Sll:lja)
m= T\ a
_ _7_7'_ Ju("nlvl‘.:) — Jl‘; )‘\’0‘7" =0 (45'

Na J\(§)N\(n) = L(nV(5)
where a,, is the nth root of J j(@,,) = 0. In Eq. (45), N is the
number of resonators, a is the half-angle of the open space in
the resonator, the integer j in Eq. (45) is defined by
j=s5+mN,s=0,12, .., N— |, and the parameters 7 and
Laredefinedby 7’ =¢2R2/R2 =p°R% = (0’/c* — k)R]
in Eq. (33).

In the remainder of this section, we investigate proper-
ties of the magnetron TE mode in Eq. (45) which relate the
parameter 7 to the parameter §. In other words, the value of
the parameter 77is evaluated intermsof R_./R, = § /1. Once
we determine the value of the parameter 7, the dispersion
curve in (w,k) parameter space is obtained from the relation

W/ —k*=nY/R2. (46)

Shown in Fig. 2 are plots of the parameters 7 (solid curves)
and { (dashed curves) versus the radius ratio R./R, for

F1G. 2. Plots of the parameters 5 {sohd curves)and £ (dashed curves) versus
the ratio R /R, {obtained from Eq. (45)]) for V 2 6,5 = O, a = 7/12, and

the three lowest radial modes.
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FIG. 3. Plots of the parameter 5 versus the ratio R./R, obtained from Eq.
(451fors = 0,a = </ 2.¥. th lowest radial mode number, and several values
of V.

N=26,5s=0,a =/12, and the three lowest radial modes.
Several points are noteworthy in Fig. 2. First, as expected,
the value of the parameter 1 decreases monotonically as the
ratio R, /R, increases. However, the value of the parameter
¢ stays relatively steady. Second.we note that the values of
parameters 7 and & at R./R, =1 are given by
71 =§ = a,, = 3.83 for the lowest radial mode (the funda-
mental 27 mode), a,, = 7.02 for the second and a,,, = 7.50
for the third mode. Finally, it is shown for the third radial
mode that the value of the parameter 7 has a plateau for
1.2<R./R, <14
In Fig. 3 we show plots of the parameter # versus ratio
R_/R, fors = 0,a = 7/2N, the lowest radial mode number,
and several values of V. Remarkably, the value of the param-
eter n7is relatively independent of the number N for V>3 and
for the lowest radial mode number. On the other hand, for
N=2 and R./R, =1, the parameter 7 is given by
7 = £ = a,, = 3.05. Dependence of the parameter 7 on the
integer s is presented in Fig. 4 where the parameter 7 is plot-
ted versus the ratio R_./R, for N =6, a = /12, the lowest
radial mode number, and different values of's. After a careful
examination of Eq. (45), we note that the dispersion relation
for s = 1 is identical to that for s = N — 1, and so on. In this
regard, plots in Fig. 4 are presented only for the integer s
satisfying 0<s<N /2. Obviously from Fig. 4, we conclude
that the parameter n depends sensitively on the integer s. For
R./R, = 1, the value of the parameter 9 is givenby 7 = a,,
for each s. Of course, the vacuum dispersion relation in Eq.
{45) is also investigated for different values of the half-angle
a. Shown in Fig. 5 are plots of the parameter » versus the
ratio R_/R, for N = 8, s = 0, lowest radial mode number,
and several values of a. The parameter n reduces with in-
creasing value of the half-angle a for the range 1 <R./R,
< 1.4, which is a typical parameter range of present experi-
ments.

IV.NEGATIVE-MASS INSTABILITY IN MAGNETRON-
TYPE CONDUCTOR

In this section, we investigate stability propertics of the
negative-mass instability in an £ layer propagating through
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FIG. 4. Plots of the parameter 7 versus the ratio R, /R, obtained from Eq.

45 for V= 6, a = 7/12, the lowest radial mode number, and different val-
ues of s.

a4 magnetron-type conductor, by making use of the disper-
sion relation in Eq. {29). The growth rate and bandwidth of
the negative-mass instability are directly related to the gain
and bandwidth of the cusptron amplifier or oscillator. Mak-
ing use of the fact that the “*Doppler-shifted” eigenfrequency
2 in Eq. {7) is well removed from the electron cyclotron
resonance (i.e., |£2 | <w, ), and evaluating the function [ (w,k )
at k=k, =lw—lw.)/B.c for the amplifier and at
o = w, = lw, + kf.c for the oscillator, the dispersion rela-
tion in Eq. (29) can be approximated by

[rok= 5 (& r), 0] (0 Bl

B.c\ Jdk 7
ve? ,
= — s (I'n~k;R}), 47
zyRﬂg( # b 0) ( )
for the amplifier, and
k1B,cyd \?
[r((,,mk)+ (.ﬁ_r) n](n+il_"ﬂ)
3{0 wy V:
)
vt s
= - 1- _szz s 48
ZyR(,z( [ o) (48)

for the oscillator. In the remainder of this section, the growth

F1G. 5. Plots of the parameter 1) versus the ratio R, /R, obtained from Eq.
45Hfor ¥V = K, 5 - 0, the lowest radisl mode number, and several salues of
«.
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rate £2, = Im £2 and the Doppler-shifted real oscillation fre-
quency {2, = Re {2 are numerically calculated from Eq. (47}
for the amplifier and from Eq. (48} for the oscillator. Nu-
merical calculation is carried out for the nonrelativistic clec-
tron beam parameters v = 0.002, 4 = 0.04. 3, = 0.4, and
B. =0.2 corresponding to , = L.118. For a relativistic
beam. B, = 0.96 and 3, = 0.2 correspond to ;- == 5.1.

To the lowest order, the eigenfrequency « and axial
wavenumber & are obtained from the simultaneous solution
of the vacuum waveguide mode dispersion relation,

W/t —kP=n/R:, {491
and the condition for cylotron resonance
w~lo, + kf.c. {50)

Moreover. to maximize the growth rate and efficiercy of
microwave generation and amplification. it is required 1hat
the group velocity of the vacuum waveguide mode 1n Eq. {49)
be approximately equal to the beam velocity, i.c.,

b, = — ='—-’:B:C. (51

Solving Eqgs. (50) and (51) for the characteristic frequency
and axial wavenumber (w.A } = (wy.k,), we tind {Fig. o)

wy=lw. v, ky=lwpf.}3/c. (52}
For maximum growth, it is also required that (w,.A,) solve

Eq. (49)in leading order. Theretfore, for maximum etficiency,
we find that R, should satisfy

R, =nc/lw y.. (53

Under the grazing condition in Eq. (53), the cyclotron reso-
nance mode in Eq. (50) is a tangential line of the vacuum
waveguide mode in Eq. (49), as shown in Fig. 6. Noting
By = Ry, /c.itisfound from Eq. (53) that the beam radius is
determined from

R()/Ru =B()C/Rawc = Iﬁﬂ;’:/”‘ ‘54’
and that the parameter  should satisfy the inequality
/1y, > By, (55)

for a physically acceptable cusptron microwave tube.

I
!
|

w?ic? -k2= n2R?

FIG. 6. The straght lines w - A8 ¢ + ko, and o - Ae/f1, interect at

kot o 37 de f1.97% 700, The vacuum wasvepude mende
o = A e/ R I passes throueh bk prosuded R, - griy,
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A. Nonrelativistic cusptron amplifier

In this section, we summarize results of numerical cal-
culation from Eq. (47) for the amplifier in a nonrelativistic
electron beam (3, = 0.4) propagating through a uniform ap-
plied magnetic field with the tield index n = 0. Shown in Fig.
7 is a plot of the geometric factor I' (w,k, } versus the normal-
ized frequency w/w, in Eq. (28) for N=6, /=6, s =0,
a=m/12,R. /R, = 1.4,and R ,w_./c = 0.4433 correspond-
ing to the grazing condition in Eq. (53) for the parameter
n = 2.715 in Fig. 2. Here the axial wavenumber 4 is substi-
tuted for by &, = {w — lw_.)/B.c consistent with the disper-
sion relation in Eq. (47) for amplifiers. As expected from the
condition R, w./c = 0.4433, the curve of the geometric fac-
tor I grazes the horizontal line. Values of the geometric
factor I" are very close to zero in a considerable range {i.e.,
6 <w/w. < 6.5 in Fig. 7) of w "pace, thereby exhibiting the
possibility of a broad unstable frequency range.

Figure 8 shows plots of la) normalized growth rate

2 /w. and {b) Doppler-shifted real frequency £2,/w, vs
w/w, obtained from Eq. (47) for the electron beam param-
cters vy =0.002, 4 = 0.04. 8, = 0.4, 3, = 0.2, the field index
n = (), and the grazing conditions {i.e., R ;& /c = 0.4433 for
R./R, =14, 0493 for R./R, = 1.3, 0.5453 for R, /R,
=1.2,0.5905for R./R, = 1.1, and 0.6257 for R /R, = 1}
corresponding to the fundamental 277 mode, and parameters
otherwise identical to Fig. 7. For each value of R_/R,, the
growth rate curve consists of two parts; a solid line corre-
sponding to a relatively large Doppler-shifted real frequency
and a dashed line corresponding to a very small Doppler-
shifted real frequency [Figs. 8(a} and (b)]. The efficiency of a
microwave tube is directly proportional 10 the Doppier-
shifted real frequency.' In this regard, even though instabil-
ity of the dashed curve exhibits a large growth rate, there is
no significant amplification in this frequency range corre-
sponding to a smail Doppler-shifted real frequency. Obvi-
ously from Fig. 8(a), the amplification growth rate [solid
curve in Fig. 8(a)] reduces as R./R,, approaches to unity. In
particular, for R./R, = 1, the amplification growth rate
vanishes, thereby smoothly connecting two dashed curves in
Fig. 8(a). In this case (R_./R, = 1), the Doppler-shifted real

R/R =14
R, w /€=0.4433

[ NeN.

Rz

L B U |

n12

-60 .. __ . . . e

FIG. 7. Plot of the geometrie fuctor £k ) versus the normaitzed frequen-
cy /e, mEq 2R for N c6, ] 65 20 =n/12, R /R, - V4 and
R s, /¢ = 0.3433 corresponding to the grazng condivon for /8, 0.2,
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frequency £2, /w,. is less than 0.003. We also note from Fig.
8(a) that the maximum growth rate of the cusptron normal-
ized by the excitation trequency is comparable to that for the
conventional gyrotron ampltier [curve for R /R, =14
Fig. 8(al]. Also the Doppler-shitted real frequency for
R./R, = 1.4in Fig. 8ibi exhibits a strong possiility of very
high efficiency in microwave amplification.

Numerical investtgation of Eq. (471 has been also car-
ried out tor a broad range of physical parameters s, [, a. and
2V and various radiil mode numbers. From this numenca!
calculation. we make several conclusions. First. under the
grazing condition K. = ¢/ Vo ;. corresponding to / = .V,
there is no amplification growth rate of instability for pertur-
bations with / = .V azimuthal harmonic number. Second. op-
timizine the value of the parameter R .« _/c according to Eq.
{53\ the { =V perturbations also have a substantial amount
of the amplificaton growth rate with relanvely large
Doppler-shifted real frequency. However, comparing with
Fig. 3, we conclude that the amplification growth rate of the
! =V perturbation s the largest and the most effective
means of microwave amphtication. Third, after opumizing
the parameter R w0 /c according to Eq. 1731 thes = 0 per-
turbation is the best for microwave ampliicaiten. Fourth. 1t
is found that the lowest radial mode perturbation is the

v=0.002. a

-
N

T
i {b)
i
|
}

Q/w_x100

A‘m .

T
wrw,

60 7 B2

[
[«

F1G 8. Plots of ta) the normalized growth rate £2 7w and bl the Doppler-
shifted real oscillation frequeney £2, 7o v /e obtained from Eq. (471 for
clectron beam parameters v 0002, 3 =004, /2, 204, and 2. =02,
tiecld mdex n ~ O, the grazine conditions corresponding to E£q. 1S3, and pa-
rameters otherwine wenneal to ke, 7.
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dominant unstable .node. Fifth, we also found from the nu-
merical calculation that after optimizing R,w./c, the
growth rate and Doppler-shifted real frequency are almost
independent of a in the range 7/4N <a < 7/2N fors =0,
[ =.V. and the lowest radial mode number. However, in-
creasing a from 7/2.V to w/N reduces drastically the growth
rate and Doppler-shifted real frequency. Finally, stability
properties have been investigated also for.V = 4 and param-
eters otherwise identical to Fig. 8. It has been shown from
numerical calculation that the maximum growth rate and
Doppler-shifted real frequency of .V = 4 are comparable to
those of .V = 6 case. However, the optimum value of the
growth rate and real frequency occurs at R /R, = 1.§ and
R, . /c = 0.4444. After consideration of all of these proper-
ties, we conclude for the nonrelativistic electron beam with
£.. = 0.4 that the optimum physical parameters tor micro-
wave amplificavon are .V=6. I=06, s=0, a=7/1..
R /R, =14 and R,w /c =0.4433.

B. Effect of nonzero field index

As shown in Egs. (47) and (48), the coupling coefiicient
15 directly proportional to the parameter

{a) R R =14 v= 0.002,
: Ru)'c 0.4433, A=0.04.
i n=02 g =04 2,=02
16+
o
(o]
x
3
g 8
o]
6.0
|
241} b} =1.4, ¥=0.002,

Z =0.4433, 4=0.04, |
0.4, (,=02 \

§2,/w, x 100

6.0 62 64 " 66

FI1G. 9. Plots of (a) the normahzed growth rate 42,/ and by the Doppler-
shifted reat oscillation frequency £2, 7w, v er/ew, obtaned from Eq. (47 for
R /R, 1.4, R, w./c = 04433, several dutferent values of the tictd index n,
and parameters otherwise identical to Fig. 8.
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where n is the field index defined in Eq. (16). Evidently from
Eg. (56), for a nonrelativistic beam with 8} <1, a small in-
crease of the field index from zero makes a big difference in
the coupling coefficient, thereby enhancing the gain and etfi-
ciency of the microwave amplification. Shown in Fig. 9 are
plots of (a) the normalized growth rate {2,/w_ and (b) the
Doppler-shifted real oscillation frequency {2,/w, obtained
from Eq. (47) for R./R, = 1.4, R, /c = 0.4433, several
different values of the field index n, and parameters other-
wise identical to Fig. 8. Obviously, the growth rate and real
frequency increase substantially by increasing the field index
from zero to a smail positive value. However, since the ap-
plied magnetic field is no longer uniform along the axial di-
rcction for a nenzero field index. tapering of the conducting
wall radius R, is requtred in order to match the grazing
condition in Eq. (53) (e.g., R, w,./c = 0.4433 in Fig. 9).

C. Nonrelativistic cusptron oscillator

The growth rate and Doppler-shifted real oscillation
frequency are numericaily obtained from Eq. {48) for the
oscillations in a nonrelativistic electron beam. In Fig. 10 we
show plots ot ia) the normalized growth rate and (b} the
Doppler-shifted real frequency versus the normalized axial
wavenumber Ac/w, obtained from Eq. (48) for the param-
eters identical to Fig. 8. The normalized lowest-order eigen-
frequency w,/w,. = I + kf3,c/w,. is also shown in the hori-
zontal scale in Fig. 10. Comparing Fig. 10(a) with Fig. 8(a),
we note that the unstable range in frequency space for the
oscillation is broader than that for the amplifier. Perturba-
tions in the amplifier are unstable only for the positive k&
space. Moreover, the real frequency in the oscillator is con-
siderably different from that in the amplifier [Figs. 8(b) and
10(b)].

D. Relativistic cusptron amplifier

Preliminary investigation of Eq. (47) has been carried
out for the amplifiers in a relativistic electron beam with 3,
=0.96and 3, = 0.2. After a careful examination of Eq. (55)
and Fig. 2, we note for the relativistic electron beam (3, — 1}
that the first available coupling occurs at the third-lowest
radial mode number where the parameter 7 is larger than .V
for a reasonable range of R,./R,, . Figure 11 shows plots of (a)
the normalized growth rate £2, /w_ and (b) the Doppler-shift-
ed real frequency £2,/w, vs w/w, for B, = 0.96, the grazing
conditions (R,w./c = 1.1101 for R./R, = 1.5, 1.1679 for
R./R, = 1.25, and 1.2249 for R./R, = 1), and parameters
otherwise identical to Fig. 8. Contrary to nonrclativistic
cusptron amplifiers (in Fig. 8), the growth rate and band-
width of instability in Fig. 11 increase drastically as R /R,
approaches unity. However, tor R /R, = LS and R o /¢
= 1.1101, the Doppler-shitted real frequency of perturba-
tions with the / =.Vazimuthal mode number vanishes, while
the ! = .V perturbation has considerably large Doppler-shift-
ed real frequency. In ths regard, by selecting R /R, - 1.5
and R, o, /c = L1101, microwaves with / = .V mode pertur-
bations are dominantly amphtied, thereby optimizing the

uhm, Kim, and Namkung 495




\ SRS
4 r — ‘._;,;;-J
: L otal v=0.002, 1=0.04, ! [F(wk - L(_d_r) 04 L 1 ( 02 ’

l I 8,=0.4, $3,=02 n=0 i B.c\ Jdk ‘ B /)M J

= ! tky, B.cyd\?

. x(n“;"ﬂi) - - (- kiRE). _
‘: ;’: ; -
d {58)

.

-,

”'('p\_"- e

.002,

=100
IN
—-- 1

QJ/w
N

-

1.3/ 1.2 A

0 i L
-05 0 1.25 2.5
ke/w
L L i ¢ s
59 6.0 6.25 6.5
wy/w,

F1G. 10. Plots of (a) the normalized growth rate £2, /w_ and {b) the Doppler-
shifted real frequency £2,/w, versus the normalized axial wavenumber
kc/w, obtained from Eq. {48) for parameters identical to Fig. 8.

microwave power output for radiation with frequency
w==lw.. On the other hand, for R./R, = 1, various other
modes compete with the { = ¥ mode, leading to multimode
amplification. Therefore, even though the growth rate for
R./R, = 1.5is less than that for R./R, = 1, the geometric
configuration with R_/R, = 1.5 is more effective to amplity
microwaves. Numerical investigation of Eq. (47) for ¥ = 12
and NV = 24 also exhibits very similar propertics.

After a careful examination of the geometric factor
I (w,k ) for a broad range of various physical parameters, it
can be found that

I (w,k, )0,
(Jl‘(w.k)) ~0,
gk Aok,
for particular values of R, w,. /c and frequency . Inthiscase,

in order to correctly cvaluate the gain of the cusptron, we
approximate Eq. (29) by

157
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Of course, the dispersion relation in Eq. (47) is used to obtain
the gain for a broad range ot physical parameters except @
satisfying Eq. (57). Obviously, Eq. {47) fails to estimate the
gain for this frequency range. We therefore make use of Eq.
(58)to obtain the gain at the trequency satistying Eq. 157). We
also emphasize the reader that the gain of the cusptron am-
plifier at the frequency w corresponding to Eq. (57) is signifi-
cantly greater than that at other frequencies.

In order to illustrate a high-gain cusptron amplifica-
tion, shown in Fig. 12 ire plots of the normalized growth
rate {2, /w, vs w/w, obtained from Eqs. {47} and (58) for 3,
=096, ¥N=24/=25R./R, = 1.1, R, /c = 1.069, and
parameters otherwise identical to Fig. 8. The dashed curves
in Fig. 12 are plots of the gain obtained from Eq. (47) in the
frequency range satisfying Eq. (57). Obviously, Eq. (47) fails
in this frequency range. However, Eq. {38) correctly evalu-
ates the growth rate in this region. As expected, the maxi-
mum gain in Fig. 12 is considerably enhanced in comparison
with that of an ordinary cusptron amplifier (Figs. 8 and 11).

{a) v=0.002, A=0‘O4,

5,=096. 5 .02

Q,/w, x100

68

6 B3
W oW

FIG 1T Plasofatthe normalized erowth rate £2 0 and ibi the Doppler-

shufted real frequencey 20 00 svarar forgd, - 094 the crazning conditions

corresponding to Ly 5o and parameters otherwise identical to b, 8.
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Millimeter wave emission from a rotating electron ring in a rippled magnetic

field
G. Bekefiand R. E. Shefer

Department of Physics and Research Laboratory of Electronics, Massachusetts Institute of Technology.

Cambridge, Massachusetts 02139
W. W. Destler

Department of Electrical Engineering, University of Maryland, College Park, Maryland 20742

{Received 30 September 1983; accepted for publication 4 November 1983)

We report measurements of millimeter wave emission from a rotating relativistic electron ring (2
MYV, 1 kA) in which electrons move in quasi-circular orbits under the combined action of a
uniform axial magnetic field and an azimuthally periodic wiggler magnetic field. We observe
radiation at frequencies above 91 GHz, at power levels in excess of 200 kW.

PACS numbers: 41.70. + t, 42.55.Bi, 42.52. + x

There have been many theoretical' and experimental’
studies of free-electron lasers (FEL’s) in linear geometry with
spatially periodic transverse'? or longitudinal®*® magnetic
wiggler fields. Such configurations have gain limitations im-
posed by the finite length of the interaction region. Recently,
a novel circular version of the free-electron laser has been
explored both theoretically’® and experimentally '’ in which
a rotating, relativistic electron stream is subjected to an azi-
muthally periodic wiggler field. The potential advantages of
circular FEL’s as compared with the conventional linear
form are several. First, the beam circulates continuously
through the wiggler field resulting in a long effective interac-
tion region. Secondly, because of the recirculation of the
growing electromagnetic wave, the device provides its own
internal feedback and is in essence an oscillator rather than
an amplifier, as is the case in linear FEL’s. And thirdly,
because the electron motion is primarily circular the sys-
tem'? is very compact.

There are sevcral ways of producing a rotating retativis-
tic electron stream. One is to subject the electrons to orthog-
onal electric and magnetic ficlds as is typical in magnetron-
like devices. Here, the electrons undergo a vir} = E(r) X B,/
| B,)? drift in a radial clectric field 7£,(r) and a uniform axial
magnetic field 2B,. Addition of an azimuthally periodic
magnetic field B, (6, 7) then results in a circular FEL. This
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scheme has been explored previously,”*'° and though the
experimental results'® are encouraging, it may have a poten-
tial drawback in that the electron velocity v(r) varies with
radial distance r. This velocity shear may lead to degradation
of the spectral purity of the emitted electromagnetic radi-
ation, and a reduction in gain and efficiency of the device.

In this letter we describe initial experiments on a circu-
lar FEL which uses a monoenergetic rotating electron ring
and thereby circumvents the problem of velocity shear men-
tioned above. Moreover, in the device discussed below one
has better control over the circulating current than in a mag-
netronlike scheme where the anode-cathode gap is part'’ of
the magnetic wiggler interaction region.

A high quality (energy spread = 19%) rotating electron
ring is produced by injecting a hollow nonrotating beam into
a narrow magnetic cusp.'"'? The hollow beam is generated
by field emission from an annular graphite cathode ener-
gized by a pulsed, high voltage, high current accelerator (2

_ MYV, 20 kA, 30 ns). The resuiting rotating electron ring is

guided downstream from the cusp by a uniform axial mag-
netic ficld of ~ 1.4 kG. The ring is 6 cm in radius, has a
duration of ~ 5 ns, and carries an axial current of ~ 1.5 kA.
The electron rotation velocity v, ~0.96¢, and the electron
axial velocity v, ==0.2¢. Thus, in the absence of the wiggler
magnetic field, the clectron orbits form fairly tight helices.
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A schematic of the device is illustrated in Fig. 1. It com-
prises two smooth coaxial stainless steel cylinders of radii
ro = 6.58 cm and r, = 5.25 cm, respectively. The electron
ring propagates within the gap formed by the two cylinders.
Superimposed on the axial guiding magnetic field is an azi-
muthally periodic magnetic wiggler field B,., which, necar
the center of the gap, is primarily'® radial and is thus trans-
verse to the electron flow velocity, as is the case in conven-
tional linear free-electron lasers. A single particle computer
simulation program has been generated for the purpose of
studying the electron motion in the combined axial and
wiggler magnetic fields. We see from Fig. 2 that the trajec-
tory is not perturbed too strongly: it remains quasi-helical,
the radial displacements are small, and the electron does not
strike the cylinder walls.

In our device, the wiggler magnetic field is produced by
an assembly of 384 samarium-cobalt bar magnets,'*"

,_,____&_-,ATW

l

_,\ / e 1

(a}

b

FIG. 2. Calculated particle ortuts in the r-0 and r-2 planes for an clectron
injected with v, =0.20¢, v, = 0.96¢c mnto the interaction space with {a)
B, = 14KG. B, =0,and (b} B, =1.4kG, B, = 1.3kG.

281 Appl. Phys. Lett,, Vol. 44, No. 3, 1 February 1984

P TS S S
L T T LAt et AT R B )
DI A . .

. -~ . - e ™ TR
e e A e e A e A A A W B A 0T

T

ey

ISl ave aodh BN RAR shd)

(=]

628cm

RADIAL MAGNETIC FIELD (hG)
s

3 € 20 85 40 %00
ANGULAR DISPLACEMENT (DEGREES)
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0.40x0.40x 4.8 cm, each having a residual induction of
~9.0 kG. The magnets are positioned behind the grounded
stainless sicel cylinders and held in place in grooved alumi-
num holders. To achieve a given periodicity /, the dipole axes
of the magnets are arranged as illustrated in Fig. 3. The low-

er part of the figure shows a Hall-probe measurement of the .

radial component of the wiggler field at the center of the
vacuum gap. The measured field amplitude equals 1.31 kG.
The axial length of the wiggler is 20 cm. This is achieved by
stacking end-to-end four rows of bar magnets. At the present
time, all of the radiation measurements described below
were made with a wiggler having six spatial periods (¥ )and a
periodicity / = 6.28 cm. Shorter periodicities are expected to
give radiation at frequencies which lie above the range of our
detection equipment.

To estimate the radiation frequency we assume that in
the presence of the wiggler, the electrons experience a pon-
deromotive force which causes electron bunching in the ¢
direction. When the 6-directed phase velocity w/(k,. + k,)
of this space-charge wave is slightly below the electron veloc-
ity ua, energy can be given up to the electromagnetic wave.
Here k, =N/r=2r/l, w is the radiation frequency;
ko = m/ris the radiation wave number with m as the mode
number of a transverse magnetic {TM) mode of the coaxial
waveguide and r={r, 4 r,)/2. Near cutoff (k, —0), one ob-
tains the familiar FEL formula,'*

w=(! +ﬂvw,v)’:k“.€/K- (h

Herc B, =v,/c, ¥ =1 + ¢} /mc* with 1" as the beam vol-
tage; 12, = eB,,./m, is the nonrclativistic cyclotron fre-
quency in the wiggler ficld of amplitude B,,., and
K=1+1, /k,c)

The radiation generated in the interaction region is al-
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F1G. 4. Oscilloscope waveforms of
{a) diode voltage, b} avial current
T collected by a 2.24-mm° collector lo-
b cated in the center of the interaction
region, (c) microwave signal in I-
band {91-170 GHz) with wiggler
magnets, and (d) microwave signal in
T-band without wiggier magnets.

200 mv

e}

200 mv

lowed to leak out from the gap formed by the two coaxial
cylinders. It is received by means of a small horn antenna,
and is guided through various waveguide cut-off filters to a
crystal detector where it is rectified and displayed on a fast
oscilloscope. Figure 4{c) illustrates the time history of a typi-
cal radiation burst at frequencies above 91 GHz as measured
with a T-band (91-170 GHz) filter. When the magnetic
wiggler field is turned off (by removing the samarium-cobalt
magnets from their grooved aluminum cylinders) the emit-
ted power falls to a level too small to be distinguished from
background noise [Fig. 4(d}]. We thus conclude that the ob-
served radiation is produced only in the presence of the
wiggler field.

We have as yet not addressed the problem of how best to
couple out the available radiation. Our homn antenna merely
probes the radiation field and receives only a small fraction
of the available power. Using the crystal calibration of our
detector, the total power radiated from the device at frequen-
cies above 91 GHz is estimated to be no smaller than 200
kW. Inserting experimental parameters into Eq. (1) yields a
radiation frequency w/27~170 GHz. But, we have not yet
measured the spectrum.

In addition to the T-band (91-170 GHz) range of fre-
quencies, we also explored emission at lower frequencies,
from 21 GHz and up. Here we find that some emission oc-
curs even in the absence of the wiggler magnetic field. The
cause of this radiation is the negative mass instability.'*"’
However, as a result of the proximity'® of the two grounded,
concentric metal cylinders the level of this radiation is great-
ly reduced compared to that observed in earlier work'*'* on
the negative mass instability, where the conducting boun-
daries were not in such close proximity to the beam. When
the wiggler magnetic field is introduced the level of the low-
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frequency emission remains either unchanged or, in some
cases, is diminished. This shows that the presence of the
wiggler field does not enhance the negative mass instabulity,
which has been a worrisome possibility.

In conclusion, we have observed radiation in the  “Uli-
meter wavelength range (4 < 3.3 mm) from a novel typ+ >f
circular FEL which uses a high quality, high current rela- -
istic electron ring rotating in an azimuthally guiwudic
wiggler magnetic field. The emitted power attributed to the
FEL instability is at least 200 kW. Spectral measurements
using a calibrated microwave grating spectrometer'®'” will
be carried out in the near future. In addition, by rearrranging
the magnets as illustrated in Fig. 3, we will be able to shorten
the wiggler periodicity / and thereby study emission at wave-
lengths ranging from 0.05 to 1.0 mm.

This work was supported in part by the United States
Air Force Office of Scientific Research, in part by the De-
partment of the Air Force Aeronautical Systems Division,
and in part by the National Science Foundation. We grate-
fully acknowledge the assistance of A. Eromborsky in per-
forming the orbit calculations.
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Interaction of a Rotating Electron Beam with a ]
Cylindrical Slotted Wall Structure. R. KULKARNI and
C. D. STRIFFLER, University of Maryiand.'--A theoret-
ical study of the generation of microwave radiation
from a relativistic rotating electron beam propagating
along a concentric slotted wall cylindrical waveguide '
is presented. The empty waveguide modes of the
slotted structure as well as the linear stability ]
analysis of the resonant interaction of a bean
mode w = 2w + k v and a guide mode are displayed.
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9 . in each wmode. The effects of slotted wall geometry L]
f are then examined in order to enhance interaction with ;_fg
2 the 27 mode of the guide. The effects of mode RS
N coupling and competition on the stability of T

' the 27 mode is also examined relative to changes 1in -
F [ slot geometry. Specific results for a 2 MeV beam in L

- the presence of a 12 or 20 slotted wall structure are .
shown and compared with experimental data.l .{f{}
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TRV T

Category Number and Subject 4.9 Coherent Radiation Generation

D Theory Experiment

Experimental Studies of High Power Microwave
Generation from Rotating Electron Beams in Magnetron-

Type Waveguides. W. W. DESTLER, Univ. of Maryland.*--

The generation of high power microwave radiation at
high harmonics of the electron cyclotron frequency by
the interaction of a rotating electron beam (2 MeV, 2
kA, 5 ns) with inner and/or outer slotted boundary
systems has been under study in our laboratory for
several years.l'3 In these experiments, a rotating
electron beam is produced by passing a non-rotating
beam through a narrow magnetic cusp. We have measured
the electron beam cross section as a function of axial
position downstream of the cusp transition to allow
the design of improved magnetron boundaries for
radiation production. Results of experiments designed
to produce radiation at 20 w (16 GHz), 40w (32
GHz) and above will be reporte ¢ ce
*Work supported by AFOSR.
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D Theory Experiment

Microwave Generation from a Cusptron Device.
W. NAMKUNG, W. LAWSON, and D. BYUN, University of

Maryland.*--A cusptron device® holds promise as a
tunable, high-frequency microwave tube using a low
energy rotating electron beam and low magnetic
fields. Experimental studies of this device for
microwave generation are being conducted. An annular
electron beam of 17 KeV energy with 3 cm diameter and
0.2 cm thickness is produced by a Pierce~type electron
gun and is injected through a cusped magnetic field to
produce a rotating beam in a downstream drift tube.
An N = 6 magnetron-type structure is placed imme-
diately downstream of the cusp transition. The
electron beam dynamics in the system are measured for
various parameters and show good agreement with
theoretical predictions. The results of initial
radiation measurements will be presented.

*This work is supported by AFOSR and the University of
Maryland Computer Center.

ly, Namkung, W. W. Destler, W. Lawson, and C. D.
Striffler, Bull. Am. Phys. Soc. 27, 1062 (1982).
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[ ] S Je==1he ceneration ol hih power mLcrowave
radtation from an intense cusp-injected relativistice
electron heam interactine with various wall structures
has  been investicated for the last several vears.

1 . Inizial investinsarions invelved smaoth coaxial walls!

{ . and more recently slotted walls,2™% A summarv of

S . these  results,  experimental and  theoretical, is

presented.

The narrow mapgnetic cusp allows for the creation
of a thin intense rotating E-layer with nominal
operating parameters of 2 “MeV, 2 kA and a pulase width
of ~5 ns. The cusp-injection technique has the
advantage of hich power electron heam input into the
interaction repion while maintaining a high degree of

”' beam quality. In the experiment, the radiation
spectrum {s cxamined {in X-band (8-12 GHz), Ku-hand
(12-18 Gilz), and Ka=-band (26-40 Giz) as a function of
the applied cusp magnetic field and the particular
vaveruide wall structure, Experimental rasults are
presented for inner and outer slotted wall structures
of 12, 20, and 40 slots resnectively, Serone
interaction is observed with the ratatine H-laver at
the 22 mode nf  the slotted wall structures with
l tvpical novers of 500 MW with a 12 slot wall con-
firaration (9.0 GU=)Y and 500 " and 10 0 with 20 and
4) slot wall confinurations (16 Gz and 32 GHz). The
. slot dimensions*are critical for sinale mode operation

Qe ans s st e

at the 2¢ (~ N & ) frequency. The feasibility of
. <
, using alternare® slow wave structures such as
- dielectrics is currently bheingg investigated.
' . A svstematic theoretical examination of the beam—
3 : wavenuide interaction is also nresented. The complete

mode structure for the .empty slotted wall structure is
| presented alonn with the linear stabilitv analysis of
the resonant interction with the beam mode w = tw +
k,v,. The initial starting condition, namely the cﬁ::p
inicctinn, is shown to bhe critical relative to rode
svlection and operation at the 21 node. Also, the
injection radius effectively sclects the proper radial
mode number, and for strane coupling the hcam must be
close to the slotted wall structure. Radiated power
spectra are also calculated. Initial theoretical
studles are presented of the vacuum dispersion
relation for a dielectric lined waveguide along with
the linear finteraction of a rotating electron beam
with the modes of the diclectric liner.

otk supported by AFOSR and U. Maryland Computer
Science Center.

Te Wo Yo Destlor, M. Romero, €. D. Striffler, R. L.
Weller, and W, tamkune, J. Apple Phvs, 5, 2740
(19813, -

2, W. W, Destler, R, L, Weiler, amd Co Do Striffler,
Appl. Phys, Lett. 38, 570 (1981).

3. Yo Y. bestler, R falbaeni, €. Do Striffler, and
Re Lo Weilor, J. Appl. Phea, 5%, 4152 (1933),

A0 oD Steiftler, W Y. Destier, Re Koalkarad, and
Re Lo teiler, TEEE Trann. fwele Seie 1), 120
C19vyy,
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Hipsh Harmonle Microwave Generation from a
Non=rRelativistic Cusptron bevice.* WON
NAIKUNG, Electrical Enginearing Department, University
of Marvland, Colleee Park, MD 20742 ., --ticrowave

radiation at the sixth harmonic of the electron
cvclotron frequency has been produced through the
negative mass instability by the resonant interaction
of a non-relativistic rotating electron beam and a
conducting boundary with six vanes. This device,
which -re call a cusptron,l- uses very low magnetic
fields since it produces radiation at a high harmonic
of the electron cyclotron frequency.

An annular electron beam of 3 cm diameter and 0.2
cm thickness is produced by a Pierce-type electron gun
and is injected through a cusped magnetic field to
produce an axis-encircling electron beam (E-layer) in
a downstream drift tube. An anode with an annular
slit is attached to an iron plate which sharpens the
cusp field. The diode is typically operated at 17 kV,
0.6-1.0 A, and 3 ps. The conducting boundary in the
beam-wave interaction region has six equally spaced
vanes of 1.84 cm inner radius and 3.68 cm outer
radius. Typical microwave power detected by the
receiving antenna is 500 W and the microwave frequency
is 4.38 GHz which corresponds to the sixth harmonic of
the eclectron cyclotron frequency at a magnetic field
of onlvy 260 G.

In this paper, we present the details of the
sixzth harmonic generation experiment and also
preliminary results of an experiment designed to
produce radiatiom at the twelfth harmonic.

*This work is supported by AFOSR.

1. W. W. Destler, R, L. Weiler, and C. D. Striffler,
Appl. Phys. Lett. 38, 570 (1981).

2. W. Namkung, Phys. Fluids, 26, xxx (1984),

Namkung,

3. H. S. Uhm, J. M. Kim,
Fluids, 26, xxx (1984).
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illimeter Wave Radiation from a Rotating 18.

Flectron #eam in a Rionled Magnetic Field.*
G. BEXEFI and R. £. SHEFER, *“IT, and W. W. DESTLER,
Universitv of ™Marvland.--le ;Esart the generation of
rmillimeter wave radiation produced by a rotating
electron beam interacting with a rippled magnetic
® field. 1In the experiments, a 12 cm diameter, hollow,
rotating electron beam (2 MeV, 1-2 kA, 5 ns) is
cenerated by passing a hollow non-rotatinzg beasn
throurh a narrow magnetic cusp. The rotating beam

~

High Power Microwave
and Submillimeter Wa»
Generation

Prefer Poster Session

perfornms helical orbits (g = .95, 8 = .2) downstreanm
' of the cusp in an axial ‘"guide fidld of about 1450
Gauss. Radiation is produced by the interaction of

the beam with an azimuthally periodic wiggler magnetic
X field produced by samarium cobalt magnets located
s interior and exterior to the beam. In the present R
: work, the wiggler field has an amplitude of about 1300 /4//§?' L. éi)_,/Z: -
P " Gauss, six spatial periods around the azimuth, and a il

periodicity of 6.28 cm. We have observed at least 200

kW of radiation above 91 GHz in initial experiments,1 William W. Destler 7
a result consistent with the frequency expected for a

linear Free Electron Laser operating with comparable Laboratory for Plasma and
parameters. Radiation at these frequencies is not Fusion Energy Studies

observed in the absence of the wiggler field. WNumer-
ical calculations of the electron orbits in the :
combined axial and wiggler fields indicate that the College Park, MD 20742
orbits are relatively unperturbed in the r-g plane and (301)454-3187

that the perturbation of the orbits due to the wiggler

is primarily axial, as desired. Measurements of the

actual circulating current exciting the wiggler region

with and without the wiggler magnets in place confirm S
that the wiggler, field does not have a seriously e
adverse effect on the electron orbits. Measurements S
of the radiation spectrum using a grating spectrometer T

and studies of the effects of wiggler amplitude and

periodicity are currently underway. '

University of Maryland

RS |

*This work was supported in part by The Air Force
Office of Scientific Research, The Department of the
Air Force Aeronautical Systems Division, and in part
by the National Science Foundation.

1. G. Bekefi, R. E. Shefer, and W. W. Destler, Appl.
Phys. Lett. 44, 280 (1984),
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